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To see a world in a grain of sand 

And a heaven in a wild flower 

Hold infinity in the palm of your hand 

And eternity in an hour. 

111 

William Blake 

Fool: The reason why the seven stars are no more than seven is a pretty reason. 

King Lear: Because they are not eight? 

Fool: Yes, indeed: thou wouldst make a good fool. 

King Lear, Act II, scene V 

This is a system!? 

Mitch Kronenberg 
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ABSTRACT 

The structure and evolution of a small V H gene family called the T 15 

family was analyzed. It was determined that although selection pressure appeared 

to be operating to maintain the coding region sequence of these V H gene 

segments, these gene segments were diverging from one another very rapidly. 

Sequences were identified in the 5' flanking region that were conserved between 

all V H gene segments and were hypothesized to be important for immunoglobulin 

heavy-chain gene transcription. Related sequences were identified in immuno

globulin V L gene segment and histone H2B 5' flanking regions, implying coordinate 

expression between these genes and the immunoglobulin heavy chain genes. 

The structure, organization, evolution, and the generation of diversity m 

the genes encoding the T -cell antigen receptor were analyzed. The T -cell antigen 

receptor consists of two chains, referred to as the a and 8 chains. Each chain 

consists of two regions, a variable region and a constant region, that are encoded 

by two different genes. The gene that encodes the variable region of the 8 chain 

was found to consist of three gene segments, denoted V 8, 0 8, and J 8. The V 8 gene 

segment encodes the first 280-300 bp, the 0 8 gene segment encodes the next 

10-15 bp, and the J 8 gene segment encodes the final 50 bp of the variable region 

gene. The rearrangement event that juxtaposes these gene segments during 

lymphocyte differentiation appears to be mediated by the same recognition signals 

that mediate immunoglobulin V gene rearrangement. 

Diversity was found to be generated in at least three different manners in 

the V 8 gene. Combinatorial joining permits the rearrangement of different V, D 

and J gene segments to each other to provide different V gene sequences. 

Deletion of nucleotides from the ends of the germline gene segments and the 

random addition of nucleotides at the junction of the rearrangement event are two 

other mechanisms for generating diversity. A comparison of a rearranged V gene 
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with the corresponding germline gene segments showed that with the exception of 

the junctions, the sequences were identical. Therefore, there is no evidence that 

somatic hypermutation, the random addition of point mutations to the V gene 

during late stages of B lymphocyte differentiation, is utilized by the T -cell 

antigen receptor as it is by immunoglobulins. 

The initial stage of V 8 gene formation was found to be the rearrangement 

of the 0 8 gene segment to the J 8 gene segment. Both germ line 0 8 gene segments 

appear to have promoters in the 5' flanking regions that can often result in the 

transcription of a 1.0 kb mRNA containing 0 8-J8-C8 sequences after o8-J8 

rearrangement. This 1.0 kb mRNA message is present at a high level in the 

thymus but at lower levels in the spleen, lymph nodes, and in mature T cells, 

implying that this message or a protein product encoded by this message may be 

important in T cell ontogeny. 

Analysis of the protein sequences of the variable regions of the a and 8 

chains revealed conserved amino acids that are found in all variable region genes. 

Many of these amino acids were found to be important for V domain structure in 

immunoglobulins and may be important for the structure of the V a -V 8 domain as 

well. In addition, analyses of the 8-strand forming potential and the relative 

hydrophobicity of the side chains of the amino acids that make up the T -cell 

antigen receptor variable regions have indicated that these properties are very 

similar to those of the immunoglobulin variable regions. These analyses indicate 

that the immunoglobulin and T -cell receptor antigen-binding regions may be very 

similar in structure to each other. 



CHAPTER ONE 

INTRODUCTION 
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The immune system 

The immune response is the primary mechanism utilized in the defense 

against invading organisms, the destruction of neoplastic cells, and the rejection 

of foreign grafts. This response is mediated by two distinct populations of cells: 

B lymphocytes and T lymphocytes. B lymphocytes, responsible for the release of 

antibodies, originate and mature in the bone marrow and accumulate in the spleen 

(reviewed in Whitlock et al., 1985). T lymphocytes can be subdivided into three 

classes: T helper cells (T H) respond to antigen by releasing factors that stimulate 

a B cell specific for the same antigen to release antibody and to proliferate 

(Mitchell and Miller, 1968; Cantor and Boyse, 1975), T suppressor cells (T 5) release 

factors that inhibit these B cell processes (Gershon, 1974), and cytotoxic T cells 

(T c> recognize and kill virally-infected cells and reject foreign grafts (Cerottini 

et al., 1979). T lymphocytes originate in the bone marrow and subsequently 

migrate to the thymus. The vast majority of the T cells die in the thymus; the 

small fraction of survivors become immunocompetent and migrate to the spleen 

and other peripheral lymphatic organs (reviewed in Scollay et al., 1984; 

Rothenberg and Lugo, 1985). 

Both B and T lymphocytes are activated upon recognition of antigen by 

their cell-surface antigen receptor. In the case of the B cell, the receptor is the 

membrane-bound immunoglobulin; in the case of the T cell, the receptor is the 

antigen-specific T -cell receptor. Although the immune system is capable of 

recognizing and responding to a seemingly infinite number of antigens, individual 

lymphocytes can recognize only a limited number of antigenic determinants. The 

wide diversity of the immune response as a whole results from a large population 

of different lymphocytes, each capable of recognizing a different set of 

determinants. The nature of the specificity of lymphocytes and the mechanisms 

for generating the diversity necessary for the complete immune response has been 

studied for many years. 
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Analysis of immunoglobulin proteins 

The initial biochemical work on lymphocyte diversity was conducted almost 

solely on immunoglobulins. Structural analyses of antibody polypeptides defined 

the existence of two chains that make up the immunoglobulin: the light chain, and 

the heavy chain (Figure 1). Using different antisera that bound immunoglobulin, it 

was possible to subdivide the light chains into two classes, K and A., and to sub

divide the heavy chain into eight classes in mice (Ig~, Igo, Igyl, Igy2A, Igy2B, Igy3, 

IgE, and Iga) and nine classes in humans (Ig~, Igo, Igyl, Igy2, Igy3, Igy4, IgE, Igal 

and Iga2) (for review, see Lennox and Cohn, 1967). Sequence studies of A. chains 

that identified variable and constant regions (Hilschmann and Craig, 1965; for 

review, see Putnam et al., 1971) led to the revolutionary proposal that the 

immunoglobulin chains are encoded by two genes, one for the variable portion and 

the other for the constant portion (Dreyer and Bennett, 1965). More detailed 

structural analysis revealed that the amino-terminal variable regions of both 

heavy and light chains contain three short regions of high variability (Wu and 

Kabat, 1970; Capra and Kehoe, 1974) which were referred to as hypervariable 

regions (Figure 1). Analyses of the three-dimensional structure of the immuno

globulin molecule indicated that these hypervariable regions comprised the 

antigen-contact regions (Padlan et al., 1973; Amzel et al., 1974; Segal et al., 

1974). The remaining portions of the variable region were found to be relatively 

less variable and were referred to as the framework regions (Figure 1). Sequence 

comparisons of the different variable regions from the heavy, lambda, or kappa 

chain families revealed that each consisted of different subgroups of V regions 

that had similar amino acid sequences and sequence alignments (Hood et al., 1968; 

Milstein, 1967; Cohn et al., 1974). While the different members of each subgroup 

were homologous, V regions from different subgroups showed only slight homology 

to each other. It was also observed that every individual was capable of producing 
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immunoglobulins that utilized the same set of subgroups (Grant and Hood, 1971). 

These data indicated that a large number of germline genes existed to encode the 

many different variable regions. Conversely, a catalogue of the differences 

between kappa variable regions suggested that each appeared to be random; this 

implied that a limited number of V region genes existed, and that somatic 

mechanisms generated the V region diversity (Lennox and Cohn, 1967; Smithies, 

1967; Hood et al., 1976). Sequence analyses of a large number of heavy and light 

chain variable regions from different myelomas that bound phosphorylcholine 

suggested that all utilized closely related, but distinct V regions, and that the 

variability between the different V regions appeared to be correlated to the type 

of constant region utilized by the immunoglobulin (Gearhart et al., 1981 ). Thus, 

there was strong evidence to indicate the existence of both a large number of 

germline genes and a somatic mutational mechanism to generate immunoglobulin 

diversity. 

Genomic organization of the immunoglobulin genes 

With the development of recombinant DNA techniques, it became possible 

to study the problem of antibody diversity on the nucleic acid level. There are 

two separate light chain gene families: kappa, and lambda. The light chain is 

encoded by two genes, denoted V Land CL' that encode the variable region and the 

constant region, respectively (Hozumi and Tonegawa, 1976). The gene that 

encodes the variable region actually consists of two gene segments, denoted V L 

and JL' that are separate in the genome and are brought together by DNA 

rearrangement to form the complete VL gene during lymphocyte differentiation 

(Figure 2) (Brack et al., 1978, Seidman et al., 1979, Sakano et al., 1980). There 

are 90-320 murine V K gene segments and perhaps only 15-20 human V K gene 

segments (Bentley and Rabbitts, 1980; Cory et al., 1981; Zee1on et al., 198l). 
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These V gene segments can be subdivided into subfamilies of gene segments that 

share 7 5% or greater homology on the DNA level; in the mouse, there are at least 

five subfamilies, ranging in size from two to greater than 20 members (Cory et 

al., 1981). There are four functional JK gene segments and one pseudo JK gene 

segment in the mouse genome, and five functional human JK gene segments 

(Figur.e 3) (Max et al., 1981; Hieter et al., 1982). There is only one kappa constant 

region gene in both mice and humans, consisting of a single exon (Altenburger et 

al., 1981; Max et al., 1981). The JK gene segments are clustered 2.6 kb 5' to the 

C gene, with the V gene segments located an undetermined distance 5' to the J K K K 

cluster. There appear to be two VA gene segments, three functional and two 

pseudo JA gene segments, and four CA genes in the mouse genome (Bernard et al., 

1978; Brack et al., 1978; Blomberg et al., 1981; Blomberg and Tonegawa, 1982; 

Miller et al., 1982; Tonegawa et al., 1978; Wu et al., 1982). The organization of 

the lambda locus is more complicated than the kappa locus; the four constant 

region genes each have a single functional JA gene segment in the immediate 5' 

flanking region, with the exception of CA3' which_ has one functional JA and one 

pseudo JA gene segment. Analysis of many lambda chains indicated that one VA 

gene segment always associated with two of theCA genes, while the other VA gene 

segment always associated with the other two CA genes (Appella_, 1971; Weigert 

and Riblet, 1976; Dugan et al., 1973; Elliot et al., 1981); these data led to the 

hypothesis that the lambda locus was organized as V-J-C-J-C-V-J-C-J-C (see 

Figure 3) (Elliot et al., 1982). 

The genes that encode the heavy chain are structurally very similar to the 

light chain genes. The heavy chain variable region is encoded by three gene 

segments, VH, DH, and JH, that rearrange to form the complete VH gene 

(Figure 2) (Early et al., 1980; Sakano et al., 1980). There are a large number of 

VH gene segments; recent studies using C
0

T analyses indicate that the VH gene 
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family has over 1000 members (D. Livant et al., in preparation). Like the VA 

genes, the VH gene family can be subdivided into at least seven subfamilies 

ranging in size from four to 1000 members (Crews et al., 1981; Brodeur and 

Riblet, 1984; Dildrop, 1984; Livant et al., in preparation). Gene segments within a 

subfamily appear to be clustered; the average spacing distance appears to be 

approximately 23 kb, although it can range from 2 kb to greater than 60 kb (S. 

Crews, E. Springer, G. Siu, and L. Hood, unpublished). There are perhaps 11 DH 

gene segments subdivided into at least three different subfamilies in mice 

(Kurosawa and Tonegawa, 1982), and four DH gene segments in two subfamilies in 

humans (Siebenlist et al., 1981). There are four mouse JH gene segments, and six 

functional and three nonfunctional human JH gene segments (Bernard and Gough, 

1980; Early et al., 1980; Sakano et al., 1980; Gough and Bernard, 1981; Ravetch et 

al., 1981), located approximately 6 kb 5' to the Cll genes. The first DH gene 

segment, DQ52, is located 700 bp 5' to JHl in mice, and between Jljll and JHl in 

humans (Sakano et al., 1981; Ravetch et al., 1981). There are eight murine 

constant region genes, IJ, o, y3, y 1, y2B, y2a, e:, and a (Shimizu et al., 1982), each 

corresponding to a different antibody class (Figure 3). The human constant region 

locus consist of nine functional genes, IJ, o, y 1, y 2, y 3, y4, e:, a 1, and a2 (Ellison et 

al, 1981, Ellison and Hood, 1982; Rabbitts et al., 1981; Ellison et al., 1982; 

Takahashi et al., 1982) and three pseudogenes: one homologous to C , and two 
y 

homologous to C (Battey et al., 1982; Flanagan et al., 1982; Max et al., 1982; e: . 

Nishida et al., 1982; Takahashi et al., 1982; Ueda et al., 1982). The CH genes are 

composed of either three (o, a) or four (y1, y2A, y2B, y3, e:, and IJ) exons, each 

encoding a functional and structural unit of the heavy chain (Honjo et al., 1979; 

Tucker et al., 1979; Yamawaki-Katoaka et al., 1980; Ollo et al., 1981; Tucker et 

al., 1981; Yamawaki-Kataoka et al., 1981; Cheng et al., 1982; Ellison et al., 1982; 

Ellison and Hood, 1982; Ishida et al., 1982). The difference between the secreted 
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immunoglobulin and the membrane-bound immunoglobulin is encoded by the last 

exon of the constant region gene; there are two different 3' terminal sequences 

encoded in the genome, one that specifies an amino-acid sequence appropriate for 

membrane-binding, and the other for secretion. The secreted exon is located 

directly adjacent to the penultimate constant region exon, and the membrane exon 

is located downstream from the secreted exon. The membrane form of 

immunoglobulin is formed by two additional RNA splicing events that juxtapose 

the membrane exon with the remaining CH exons (Figure 2) (Alt et al., 1980; Early 

et al., 1980b; Rogers et al., 1980). 

During the differentiation of a single B cell, the functional rearranged V H 

gene is first expressed with the CJ.l gene of the same allelic chromosome. Later in 

the development of the same lymphocyte, the same V H gene is often expressed 

with a different CH gene (for review, see Davis et al., 1980b). Analysis of 

germline and rearranged heavy-chain genes revealed that the intervening DNA 

between the 5' flanking region of CJ.l and the 5' flanking region of the newly 

expressed CH gene is deleted. This led to the proposal that the complete heavy

chain gene is formed by two recombination events. The first is the V-D-J 

rearrangement that forms the variable region. The second, called the class 

switch, rearranges a fully assembled VH-DH-JH gene from one constant region to 

another (Figure 4). The class switch appears to be mediated by repeat sequences 

in the 5' flanking region of the CH genes (Davis et al., 1980a; Kataoka et al., 

1980; Maki et al., 1980). 

Analysis of the flanking regions of the germline heavy chain and light chain 

gene segments revealed short sequences in the 3' flanking region of the V gene 

segments, the 5' flanking region of the J gene segments, and for heavy chains, 

both 5' and 3' flanking regions of the D gene segments that are highly conserved 

(Figure 5). These sequences consist of a conserved 7bp sequence, CACAGTG or 
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its complement CACTGTG, located directly flanking the gene segment, and a 

relatively conserved 9 bp sequence, CACAAACCC or GGTTTTTGT, located distal 

to the gene segment. The presence of these sequences in the flanking regions of 

all of the germline immunoglobulin gene segments led to the proposal that these 

sequences served as recognition signals for the rearrangement process for V gene 

formation (Max et al., 1979; Sakano et al., 1979; Early et al., 1980; Sakano et al., 

1980). The distance between the 7 bp sequence and the 9 bp sequence is un

conserved in sequence, but is highly conserved in length. The spacer sequence 

length can either be 12 ± 1 bp or 23 ± 1 bp; rearrangement occurs only between a 

gene segment that has a 12 bp spacer in its recognition signal, and a gene segment 

that has a 23 bp spacer in its recognition signal (Early et al., 1980; Sakano et al., 

1980). It was observed that 12 bp is approximately one complete turn of the DNA 

helix, and 23 bp is approximately two turns of the DNA helix; these two signals 

are therefore located on the same side of the DNA helix as if they formed a 

continuous stretch of 16 conserved nucleotides. Because of the conservation of 

length of the spacing distances, the rule for proper _rearrangement is referred to 

as the "one turn-two turn" rule (Early et al., 1980). The V K gene segments have 

one-turn signals, and the JK gene segments two-turn signals; the VA. gene segments 

have two-turn signals, and the J\ gene segments one-turn signals; the VH and JH 

gene segments have two-turn signals, and the DH gene segments have one turn 

signals in both flanking regions (Figure 5) (Early et al., 1980; Sakano et al., 1980; 

Kurosawa arid Tonegawa, 1982). 

Mechanisms for generating diversity in immunoglobulin genes 

There are six major mechanisms for generating diversity in the immuno

globulin variable region. 

1. Germ line diversity: There are a large number of germ line V, D and J 

gene segments that can be used to make up a variable region gene. 
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2. Combinatorial joining: The different V gene segments are capable of 

associating with any D or J gene segment (Schilling et al., 1980; Weigert et al., 

1980). If it is assumed that there are 1000 VH gene segments, 10 DH gene 

segments, and four JH gene segments, there would be a total of 1000 x 10 x 4 or 

40,000 V H genes possible. If it is assumed that there are 250 V K gene segments, 

and four functional JK gene segments, then approximately 1000 V K genes would be 

possible. 

3. Combinatorial association: If any light chain could associate with any 

heavy chain, then there are a total of 40,000 x 1000 or 4 x 107 antibodies possible. 

Germ line diversity, combinatorial joining and combinatorial association, 

therefore, can contribute significantly to immunoglobulin diversity. Even in the 

absence of somatic mechanisms, it is possible to generate a large number of 

different antibodies. 

4. Junctional diversity: The DNA rearrangement mechanism that 

generates the V gene appears to be imprecise in that nucleotides at the ends of 

the gene segments can be deleted in the region of the joining event (Sakano et al., 

1980; Weigert et al., 1980; Kurosawa et al., 1981). This can lead to codon changes 

at the V-0-J and V-J junctions. 

Because all immunoglobulin gene segments seem to be translated in only 

one reading frame in order to give rise to a functional immunoglobulin chain, one 

implication of this imprecision is that these gene segments often join in an out-of

phase reading frame. This type of nonproductive joining occurs frequently in 

lymphocytes (Altenburger et al., 1980; Max et al., 1980; Weigert et al., 1980; 

Walfield et al., 1981 ). Thus, diversity is achieved at the expense of some waste. 

5. N-region diversity: For the heavy chain genes, extra nucleotides not 

encoded by the germline gene segments may be added between the rearranging 

gene segments as a result of the joining process (Sakano et al., 1980; Alt and 
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Baltimore, 1982). This event is referred to as N-region diversity. Both junctional 

and N-region diversity alter the coding region of the variable region only at the 

joining point of the gene segments; this region correlates to the third hyper

variable region observed in the comparisons of the protein data (see above; Wu and 

Kabat, 1970). 

6. Somatic hypermutation: There is a mechanism that induces point 

mutations throughout the variable region gene and its untranslated regions at a 

late stage in B-cell development (Weigert et al., 1970; Gershenfeld et al., 1981; 

Kim et al., 1981; Selsing and Storb, 1981; Clarke et al., 1982). Those B cells with 

receptors that have higher affinities for antigen as a result of somatic 

hypermutation are believed to be selectively expanded under conditions of limiting 

antigen. This mechanism appears to induce point mutations randomly, and is 

correlated to the class of the antibody (Crews et al., 1981). Therefore, J.l chains 

tend to be encoded by germline sequences, while the other chains are often 

encoded by variants (Gearhart et al., 1981). These observations led to the 

hypothesis that the somatic hypermutation event may_ be induced during the class 

switch rearrangement (Crews et al., 1981; Kim et al., 1981). 

Immunoglobulin gene evolution 

One of the most interesting questions to emerge from the analysis of the 

immunoglobulin gene family is the problem of immunoglobulin gene evolution. It 

is presumably advantageous for the organism to maintain a large repertoire of 

germline gene segments, yet, it is important to maintain the basic framework 

structure of the variable region. Therefore, there must be some selection 

pressure to maintain portions of the variable region (Cally and Edelman, 1972; 

Smith et al., 1971). Analyses of the coding region of V genes have indicated that 

the CDR regions are mutating at a much higher rate than the framework regions 



11 

( Ohta, 1981); the nature of this high mutation rate is unclear, however, as the 

CDR regions are quite small, and therefore the calculation is subject to 

considerable error. 

The problem of the T -cell antigen receptor 

Like the B lymphocytes, the T lymphocytes are capable of recognizing a 

wide variety of antigens. Unlike B cells, however, T cells must recognize antigen 

in the context of membrane-bound gene products of the Major Histocompatibility 

Complex (MHC) (Kindred and Shreffler, 1972; Katz et al., 1973; Zinkernagel and 

Doherty, 1974). The murine MHC encodes at least two classes of cell-surface 

molecules that play direct roles in T -cell antigen recognition. The class I 

molecules include the K, D, R and L genes which are commonly referred to as the 

transplantation antigens and are found on virtually all cells in an organism. The 

class II molecules are encoded by the I region, and include the A8, Aa, E8 and Ea. 

genes. These molecules are found only on B lymphocytes and the antigen

presenting cells, the macrophage. Studies of T -cell responses have shown that the 

T C cells tend to recognize the class I gene products (Alter et al., 1973; 

Zinkernagel and Doherty, 197 5; 1979), while the T H cells tend to recognize the 

class II molecules (Alter et al., 1973; Katz et al., 197 5; Meo et al., 197 5; Thomas 

et al., 1977; Swierkosz et al., 1979). Analyses of different antigen systems have 

shown that the T lymphocyte, like the B lymphocyte, is capable of discerning 

between closely-related antigens (Barcinski and Rosenthal, 1977; Solinger et al., 

1979; Thomas et al., 1980). As the problems inherent in antigen-recognition 

appear to be similar between the B and T lymphocytes, it was perhaps not 

unreasonable to hypothesize that immunoglobulins served as the antigen-binding 

receptor on T as well as B lymphocytes (Crone et al., 1972; Nossal et al., 1972; 

Avrameas et al., 1979). It was reported early on that low levels of immuno-
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globulin were in fact detectable on populations of T lymphocytes by immuno

fluorescence techniques (Raff, 1971; Nossal et al., 1972; Jensenius and Williams, 

197ll). Other groups reported the presence of B-lymphocyte idiotypes on T cells 

· that mapped to chromosome 12 (Binz and Wigzell, 1975, 1976; Cosenza et al., 

1977; Krammer and Eichmann, 1977). However, subsequent analyses using cloned 

immunoglobulin DNA probes clearly indicated that no immunoglobulin gene 

segments appear to be utilized in the generation of the T -cell antigen receptor 

(Kronenberg et al., 1980; Kraig et al., 1983; Kronenberg et al., 1983; Nakanishi et 

al., 1982; Kemp et al., 1982). Other reports involving T -cell-specific alloantigens 

(Owen et al., 1981) and antigen-binding factors secreted by T cells (Murphy, 1978; 

Wieder et al., 1982; Kapp and Araneo, 1982; Tanaguchi et al., 1982; Krupen et al., 

1982) appeared to represent promising leads for the T -cell antigen receptor; 

despite many attempts, however, further characterization of these alloantigens 

and factors proved to be difficult. 

Clone-specific monoclonal antibodies 

Starting in 1983, monoclonal antibodies were generated that bound to and 

inhibited only one of a panel of murine T -cell lymphomas (Allison et al., 1982; 

Mcintyre and Allison, 1983) cloned murine T H cells (Haskins et al., 1983) and 

cytotoxic cells (Lancki et al., 1983) and human cytotoxic cells (Meuer et al., 

1983). In the case of the murine T H cells, the monoclonal antibody KJ 1-26 was 

shown to bind only a T -cell hybridoma specific for chick albumin (cOVA) and 

restricted to I-A d. The monoclonal antibody was specific only for this hybridoma; 

no binding of the antibody could be demonstrated with any other T -cell hybrid 

tested or with variants of the hybridoma that lost their ability to respond to the 

proper antigen-MHC combination. This antibody also specifically inhibited the 

proliferation of the target T cell by antigen (Haskins et al., 1983; Kappler et al ., 
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1983). These data indicated that these antibodies were directed against the 

antigen-specific region of the T -cell antigen receptor. Experiments with human 

cytotoxic T cell lines produced monoclonal antibodies that reacted with a large 

number of T cell-specific alloantigens. As in the murine T H system, monoclonal 

antibodies were generated against specific T C cell lines (Meuer et al., 1983). In 

every case the monoclonal antibodies appeared to recognize a heterodimer 

consisting of an acidic o. chain and a slightly basic B chain of 40,000-43,000 daltons 

each in mice, and an o. chain of 45,000 daltons, and a B chain of 40,000 daltons in 

humans. Comparisons of the immunoprecipitated heterodimers using peptide maps 

indicated that each chain of the heterodimer consisted of a region that was 

variable and a region that was constant between different T cells, indicating that, 

like the immunoglobulin, the T -cell antigen receptor consisted of a variable region 

for antigen-binding, and a constant region responsible for effector functions 

(Mcintyre et al., 1983; Kappler et al., 1983; Meuer et al., 1984). 

The isolation of T cell-specific eDNA clones 

Characterization of the T -cell antigen receptor on the DNA level still 

proved to be elusive. Later, using different techniques, two groups isolated T 

cell-specific eDNA clones that shared structural homology with immunoglobulins 

(Hedrick et al., 1984b; Yanagi et al., 1984). These clones, one from human, the 

other from mouse, were found to be quite homologous in one portion, indicating 

that they probably encoded a homologous protein in the two systems. In one case, 

the eDNA clones were isolated by screening a T -cell eDNA library first with 32P

labelled T -cell eDNA, then subsequently with 32P-labelled B-cell eDNA; T -cell 

specific clones were identified as having hybridized with the T -cell eDNA probe, 

but not the B-cell eDNA probe (Yanagi et al., 1984). In the other case, a T -cell 

eDNA library was screened with a subtracted probe. This probe consisted of 32P-
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labelled eDNA made from the membrane-bound polysomal RNA of T cells in which 

sequences expressed by B cells had been removed by RNA hybridization (Hedrick 

et al., 1984a). The eDNA clones isolated using these two techniques were found to 

be expressed as 1.3 kb and 1.0 kb messages and to detect rearrangement 

specifically in T cells. Sequence analysis of these clones indicated that they 

consisted of regions that were homologous to the immunoglobulin V, J and C 

regions (Hedrick et al., 1984a; 1984b; Yanagi et al., 1984). These data indicated 

that these cDNAs may in fact encode one of the chains of the T -cell antigen 

receptor. Amino acid sequence analysis of the B chain of the human T -cell 

receptor was found to match the translated sequence of one of the eDNA clones, 

indicating that this was indeed the case (Acute et al., 1984). 

We were interested in the structure, the generation of diversity, and the 

evolution of the antigen receptors of lymphocytes. The first chapter of this thesis 

describes a study on the structure and evolution of a small subfamily of germline 

VH gene segments, called the Tl5 family (Crews et al., 1981). Specifically, we 

were interested in studying the flanking regions of genomic V gene segments for 

possible transcriptional or rearrangement control sequences, and the coding 

regions for indications on how these gene segments are evolving. The remainder of 

this thesis describes studies to characterize the variable region of the a chain of 

the T -cell antigen receptor in mice and humans. We were interested in studying 

the structure and evolution of the genes that. encode the T -cell antigen receptor 

and the mechanisms in which diversity is generated. 



15 

REFERENCES 

Acute, 0., Fabbi, M., Smart, J., Poole, C. B., Protentis, J., Royer, H. D., 

Schlossman, S. F., and Reinherz, E. L. (1984). Purification and N-terminal 

amino acid sequencing of a human T -cell antigen receptor. Proc. Natl. Acad. 

Sci. USA 81, 3851-3855. 

Allison, J. P., Mcintyre, B. W ., and Bloch, D. (1982). Tumor-specific antigen of 

murine T -lymphoma defined with monoclonal antibody. J. Immunol. 129, 

2293-2300. 

Alt, F., Bothwell, A., Knapp, M., Siden, E., Mather, E., Koshland, M., and 

Baltimore, D. (1980). Synthesis of secreted and membrane-bound immuno

globulin Mu heavy chains is directed by mRNAs that differ at their 3' ends. 

Cell 20, 293-301. 

Alt, F., and Baltimore, D. (1982). Joining of immunoglobulin heavy chain gene 

segments: Implications from a chromosome with evidence of three D-JH 

fusions. Proc. Na tl. A cad. Sci. U.S.A. 78, 5812-5816. 

Altenburger, W ., Steinmetz, M., and Zachau, H. G. ( 1980). Functional and non

functional joining in immunoglobulin light chain genes of a mouse myeloma. 

Nature 287, 603-607. 

Altenburger, W ., Neumaier, P ., Steinmetz, M., and Zachau, H. (1981 ). DNA 

sequence of the mouse immunoglobulin Kappa chain. Nucl. Acids Res. 9, 

971-981. 

Alter, B. J., Schendel, D. J., Bach, M. L., Bach, F. H., Klein, J. and Stimpfling, J. 

H. (1973). Cell-mediated lympholysis. Importance of serologically defined 

H-2 regions. J. Exp. Med. 137, 1303-1309. 

Amzel, L., Poljack, R., Saul, F., Varga, J., and Richards, F. (1974). The three

dimensional structure of a combining-site ligand complex of immunoglobulin 

NEW at 3.5A resolution. Proc. Natl. Acad. Sci. U.S.A. 71, 1427-1430. 



16 

Appella, E. (1971). Amino acid sequences of two mouse immunoglobulin Lambda 

chains. Proc. Natl. Acad. Sci. U.S.A. 68, 590-594. 

Avrameas, S., Hosli, P. Stanislawski, M. Rodrigot, M. and Vogt, E. (1979). A 

quantitative study at the single cell level of immunoglobulin antigenic 

determinants present on the surface of murine B and T lymphocytes. J. 

Immunol. 122, 648-659. 

Barcinski, M. A., and Rosenthal, A. S. (1977). Immune response gene control of 

determinant selection. I. Intramolecular mapping of the immunogenic sites 

on insulin recognized by guinea pig T and B cells. J. Exp. Med. 145, 726-742. 

Battey, J., Max, E., McBride, W., Swan, D., and Leder, P. (1982). A processed 

human immunoglobulin ~ gene has moved to chromosome 9. Proc. Natl. Acad. 

Sci. U.S.A. 79, 5956-5960. 

Bentley, D., and Rabbitts, T. (1980). Human immunoglobulin variable region genes 

-DNA sequences of two V K genes and pseudogene. Nature 288, 730-733. 

Bernard, 0., Hozumi, N., and Tonegawa, S. (1978). Sequences of mouse immuno

globulin light chain genes before and after somatic changes. Cell 15, 

1133-1144. 

Bernard, 0., and Gough, N. ( 1980). Nucleotide sequence of immunoglobulin heavy 

chain joining segments between translocated V H and u constant region genes. 

Proc. Natl. Acad. Sci. U.S.A. 77, 3630-3634. 

Binz, H., and Wigzell, H. (1975). Shared idiotypic determinants on B and T 

lymphocytes reactive against the same antigenic determinants. I. 

Demonstration of similar or identical idiotypes on IgG molecules and T -cell 

receptors with specificity for the same alloantigens. J. Exp. Med. 142, 197-

211. 

Binz, H., Wigzell, H., and Bazin, H. ( 1976). T -cell idiotypes are linked to 

immunoglobulin heavy chain genes. Nature 264, 639-642. 



17 

Blomberg, B., Traunecker, A., Eisen, H., and Tonegawa, S. (1981). Organization of 

four mouse \ light chain immunoglobulin genes. Proc. Natl. Acad. Sci. U.S.A. 

78, 3765-3769. 

Blomberg, B., and Tonegawa, S. (1982). DNA sequences of the joining regions of 

mouse \ light chain immunoglobulin genes. Proc. Natl. Acad. Sci. U.S.A. 79, 

530-533. 

Brack, C., Hirama, M., Lenhard-Schuller, R., and Tonegawa, S. (1978). A 

complete immunoglobulin gene is created by somatic recombination. Cell 15, 

1-14. 

Brodeur, P., and Riblet, R. (1984). The immunoglobulin heavy chain variable 

region (Igh-V) locus in mouse. I. One hundred Igh-V genes comprise seven 

families of homologous genes. Eur. J. Immunol. 14, 922-930. 

Cantor, H., and Boyse E. A. (197 5). Functional subclasses of T lymphocytes 

bearing different Ly antigens. II. Cooperation between subclasses of Ly+ 

cells in the generation of killer activity. J. Exp. Med. 141, 1390-1399. 

Capra, J., and Kehoe, J. (1974). Variable region sequences of five human 

immunoglobulin heavy chains of the VH III subgroup: Definitive identification 

of four heavy chain hypervariable regions. Proc. Natl. Acad. Sci. U.S.A. 71, 

845-849. 

Cerottini, J. C., Nordin, A. A., and Brunner, K. T. (1970). Specific in vitro 

cytotoxicity of thymus-derived lymphocytes sensitized to alloantigens. 

Nature 228, 1308-1309. 

Cheng, H.-L., Blattner, F., Fitzmaurice, L., Mushinski, J., and Tucker, P. (1982). 

Structure of genes for membrane and secreted murine IgD heavy chains. 

Nature 296, 410-415. 



18 

Clarke, C., Berenson, J. Goverman, J., Boyer, P., Crews, S., Siu, G., and Calame, 

K. (1982). An immunoglobulin promoter region is unaltered by DNA 

rearrangement and somatic mutation during B-cell development. Nuc. Acids 

Res. 10, 7731-7749. 

Cohn, M., Blomberg, B., Geckeler, W ., Raschke, W ., Rib let, R., and Weigert, M. 

(1974). First order considerations in analyzing the generation of diversity in 

the immune system: Genes, receptors, signals (ed. E. E. Sercarz et al.), p. 89, 

Academic Press, New York. 

Cory, S., Tyler, B., and Adams, J. (1981). Sets of immunoglobulin VK genes 

homologous to ten cloned V K sequences: Implications for the number of 

germ line V K genes. J. Mol. Applied Genet. 1, 103-116. 

Cosenza, H., Julius, M. H., Augustin, A. A. ( 1977). Idiotypes as variable region 

markers: Analogies between receptors on phosphorylcholine-specific T and B 

lymphocytes. Immunol. Rev. 34, 3-33. 

Crews, S., Griffin, J., Huang, H., Calame, K., and Hood, L. (1981). A single V H 

gene segment encodes the immune response to phosphorylcholine: Somatic 

mutation is correlated with the class of the antibody. Cell 25, 59-66. 

Crone, M., Koch, C., and Simonsen, M. ( 1972). The elusive T cell receptor. 

Transpl. Rev. 10, 36-56. 

Davis, M., Calame, K., Early, P., Livant, D., Joho, R., Weissman, I., and Hood, L. 

(l980a). An immunoglobulin heavy-chain gene is formed by at least two 

recombinational events. Nature 283, 733-739. 

Davis, M., Kim, S., and Hood, L. (l980b). Immunoglobulin class switching: 

Developmentally regulated DNA rearrangements during differentiation. 

Science 209, 1360-1365. 

Dildrop, R. (1984). A new classification of mouse V H sequences. Immunol. Today 

5, 85-86. 



19 

Dugan, E., Bradshaw, R., Simms, E., and Eisen, H. (1973). Amino acid sequence of 

the light chain of a mouse myeloma protein (MOPC-315). Biochemistry 12, 

5400-5416. 

Early, P., Huang, H., Davis, M., Calame, K., and Hood, L. (1980a). An 

immunoglobulin heavy chain variable region is ge~erated from three segments 

of DNA: VH, D and JH" Cell 19, 981-992. 

Early, P., Rogers, J., Davis, M., Calame, K., Bond, M., Wall, R., and Hood, L. 

( 1980b). Two mRNAs can be produced from a single immunoglobulin ~ gene by 

alternative RNA processing pathways. Cell 20, 313-319. 

Elliot, B., Steiner, L., and Eisen, H. (1981). Amino acid sequence variation in 

mouse .>.. 2 chains. Fed. Proc. 40, 1 098. 

Ellison, J., Buxbaum, J., and Hood, L. (1981). Nucleotide sequence of a human 

immunoglobulin Cy4 gene. DNA 1, 11-18. 

Ellison, J., and Hood, L. (1982). Linkage and sequence homology of two human 

immunoglobulin y heavy chain constant region genes. Proc. Natl. Acad. Sci. 

U.S.A. 79, 1984-1988. 

Ellison, J., Berson, B., and Hood, L. ( 1982). The nucleotide sequence of a human 

Cy l gene. Nucl. Acids Res. 10, 4071-4079. 

Flanagan, J., and Rabbitis, T. (1982). The sequence of a human immunoglobulin 

epsilon heavy chain constant region gene, and evidence for three non-allelic 

genes. EMBO J. 1, 655-660. 

Gaily, J. A., and Edelman, G. M. 0972). The genetic control of immunoglobulin 

synthesis. Ann. Rev. Genetics 6, 1-45. 

Gearhart, P ., Johnson, N., Douglas, R., and Hood, L. ( 1981 ). IgG antibodies to 

phosphorylcholine exhibit more diversity than their IgM counterparts. Nature 

291, 29-34. 



20 

Gershenfeld, H. K., Tsukamoto, A., Weissman, I. L., and Joho, R. (1981). Somatic 

diversification is required to generate the V K gene of MOPC 511 and MOPC 

167 myeloma proteins. Proc. Natl. Acad. Sci. U.S.A. 78, 7674-7678. 

Gershon, R. K. (1974). T cell suppression. Contemp. Topics in Immunobiol. 3, 

1-40. 

Gough, N., and Bernard, 0. ( 1981 ). Sequences of the joining region genes for 

immunoglobulin heavy chains and their role in generation of antibody 

diversity. Proc. Natl. Acad. Sci. U.S.A. 78, 509-513. 

Grant, J. A., and Hood, L. ( 1971). N-terminal analysis of normal immunoglobulin 

light chains. I. A study of thirteen individual humans. Immunochemistry 8, 

63-79. 

Haskins, K., Kubo, R., White, J., Pigeon, M., Kappler, J., and Marrack, P. (1983). 

The major histocompatibility complex-restricted antigen receptor on T 

cells. I. Isolation with a monoclonal antibody. J. Exp. Med. 157, 1149-1169. 

Hedrick, S. M., Cohen, D. I., Nielsen, E. A., and Davis, M. M. ( 1984a). Isolation of 

eDNA clones encoding T cell-specific membrane-associated proteins. Nature 

308, 149-153. 

Hedrick, S. M., Nielsen, E. A., Kavaler, J., Cohen, D. I., and Davis, M. M. 

(1984b). Sequence relationships between putative T -cell receptor 

polypeptides and immunoglobulins. Nature 308, 153-158. 

Hieter, P., Maize!, J., and Leder, P. (1982). Evolution of human immunoglobulin K 

J region genes. J. Biol. Chern. 257, 1516-1522. 

Hilschmann, N., and Craig, L. (1965). Amino acid sequence studies with Bence

Janes proteins. Proc. Natl. Acad. Sci. U.S.A. 53, 1403-1409. 

Honjo, T., Obata, M., Yamawaki-Katoaka, Y., Katoaka, T., Takahashi, N., and 

Mano, Y. ( 1979). Cloning and complete nucleotide sequence of mouse 

immunoglobulin y 1 chain gene. Cell 18, 559-568. 



21 

Hood, L., Gray, W ., Sanders, E., and Dreyer, W. (1968). Light chain evolution. 

Cold Spring Harbor Symp. Quant. Bioi. 32, 133-146. 

Hood, L., Loh, E., Hubert, J., Barstad, P., Eaton, B., Early, P., Fuhrman, J., 

Johnson, N., Kronenberg, M., and Schilling, J. (1976). The structure and 

genetics of mouse immunoglobulins: An analysis of NZB myeloma proteins 

and sets of BALB/c myeloma proteins binding particular haptens. Cold Spring 

Harbor Symp. Quant. Biol. 41, 817-836. 

Hozumi, N., and Tonegawa, S. ( 1976). Evidence for somatic rearrangement of 

immunoglobulin genes coding for variable and constant regions. Proc. Natl. 

Acad. Sci. U.S.A. 73, 3628-3632. 

Ishida, N., Ueda, S., Hayashida, H., Miyata, T., and Honjo, T. (1982). The 

nucleotide sequence of the mouse immunoglobulin epsilon gene: comparison 

with the human epsilon gene sequence. EMBO J. 1, 1117-1123. 

Jensenius, J. C., and Williams, A. (1974). The binding of anti-immunoglobulin 

antibodies to rat thymocytes and thoracic duct lymphocytes. Eur. J. 

Immunol. 4, 91-97. 

Kapp, J. A., and Araneo, B.A. ( 1982). Characterization of antigen-specific 

suppressor factors from T cell hybridomas. In: Isolation, Characterization 

and Utilization of T Lymphocyte Clones (ed. C. G. Fathman and F. W. Fitch), 

pp. 137-148, Academic Press, New York. 

Katoaka, T., Kawakami, T., Takahashi, N., and Honjo, T. (1980). Rearrangement 

of immunoglobulin y 1-chain gene and mechanism for heavy-chain class 

switch. Proc. Natl. Acad. Sci. U.S.A. 77, 919-923. 

Katz, D. H., Hamaoka, T ., and Benacerraf, B. (1973). Cell interactions between 

histoincompatible T and B lymphocytes. II. Failure of physiologic cooperative 

interactions between T and B lymphocytes form allogeneic donor strains in 

humoral response to hapten-protein conjugates. J. Exp. Med. 137, 1405-1418. 



22 

Katz, D. H., Graves, M., Dorf, M. E., Dimuzio, H., and Bernacerraf, B. ( 197 5). 

Cell interactions between histoincompatible T and B lymphocytes. VII. 

Cooperative responses between lymphocytes are controlled by genes in the I 

region of the H-2 complex. J. Exp. Med. 141, 263-268. 

Kemp, D. J., Adams, J. M., Mottram, P. L., Thomas, W. R., Walker, I. D., and 

Miller, J. F. A. P. (1982). A search for messenger RNA molecules bearing 

immunoglobulin VH nucleotide sequences in T cells. J. Exp. Med. 156, 1848-

1853. 

Kim, S., Davis, M., Sinn, E., Patten, P., and Hood, L. (1981). Antibody diversity: 

somatic hypermutation of rearranged VH genes. Cell 27, 573-581. 

Kindred, B., and Shreffler, D. C. (1972). H-2 dependence of co-operation between 

T and B cells in vivo. J. Immunol. 109, 940-943. 

Kraig, E., Kronenberg, M., Kapp, J. A., Pierce, C. W ., Abruzzini, A. F ~' Sorensen, 

C. M., Samelson, L. E., Schwartz, R. H., and Hood, L. E ( 1983). T and B cells 

that recognize the same antigen do not transcribe similar heavy chain 

variable region gene segments. J. Exp. Med. 158, 192-20_9. 

Krammer, P. and Eichmann, K. ( 1 977). T cell receptor idiotypes are controlled by 

genes in the heavy chain linkage group and the major histocompatibility 

complex. Nature 270, 733-735. 

Kronenberg, M., Davis, M. M., Early, P. W., Hood, L. E., and Watson, J. D. 

(1980). Helper and killer T cells do _not express B cell immunoglobulin joining 

and constant region gene segments. J. Exp. Med. 152, 1745-1761. 

Kronenberg, M., Kraig, E., Siu, G., Kapp, J. A., Kappler, J., Marrack, P., Pierce, 

C. W ., and Hood, L. ( 1983). Three T -cell hybridomas do not express 

detectable heavy chain variable gene transcripts. J. Exp. Med. 158, 210-227. 



23 

Krupen, K., Araneo, B. A., Brink, L., Kapp, J. A., Stein, S., Wieder, K. J., and 

Webb, D. R. (1982). Purification and characterization of a monoclonal T cell 

suppressor factor specific for L-glutamic acid60-L-alanine30_L-tyrosine10 

(GAT). Proc. Natl. Acad. Sci. U.S.A. 79, 1254-1258. 

Kurosawa, Y., von Boehmer, H., Haas, W., Sakano, H., Trauneker, A., and 

Tonegawa, S. (198 L). Identification of D segments of immunoglobulin heavy

chain genes and their rearrangement in T Lymphocytes. Nature 290, 565-570. 

Lancki, D. W ., Lorber, M. I., Loken, M. R., and Fitch, F. W. ( 1983). A clone

specific monoclonal antibody that inhibits cytolysis of a cytolytic T cell 

clone. J. Exp. Med. 157, 921-935. 

Lennox, E., and Cohn, M. (1967). Immunoglobulins. Ann. Rev. Biochem. 36, 

365-406. 

Maki, R., Traunecker, A., Sakano, H., Roeder, W ., and Tonegawa, S. (1980). Ex on 

shuffling generates an immunoglobulin heavy chain gene. Proc. Natl. Acad. 

Sci. U.S.A. 77, 2138-2142. 

Max, E., Seidman, J., and Leder, P. (1979). Sequences of five potential 

recombination sites encoded close to an immunoglobulin K constant region 

gene. Proc. Natl. Acad. Sci. U.S.A. 76, 3450-3454. 

Max, E. E., Seidman, J. G., Miller, H. and Leder, P. (1980). Variation in the 

crossover point of kappa immunoglqbulin gene V-J recombination: Evidence 

from a cryptic gene. Cell 21, 793-799. 

Max, E., Maize!, J., and Leder, P. (1981). The nucleotide sequence of a 5.5 

kilobase DNA segment containing the mouse K immunoglobulin J and C region 

genes. J. Biol. Chern. 256, 5116-5120. 

Max, E., Battey, J., Ney, R., Kirsch, I., and Leder, P. (1982). Duplication and 

deletion in the human immunoglobulin r; genes. Cell 29, 691-699. 



24 

Mcintyre, B. W ., and Allison, J. P. (1983). The mouse T cell receptor: Structural 

heterogeneity of molecules of normal T cells defined by xenoantiserum. Cell 

34, 739-746. 

Meo, T ., David, C. S., Rijnbeek, H. M., Nabholz, M., Miggiano, V. C., and 

Shreffler, D. C. 097 5). Inhibition of mouse MLR by anti-Ia sera. Transpl. 

Proc. 7, 127-129. 

Meuer, S. C., Fitzgerald, K. A., Hussey, R. E., Hodgdon, J. C., Schlossman, S. F., 

and Reinherz, E. L. (1983). Clonotypic structure involved in antigen-specific 

human T cell function. Relationship to the T3 molecular complex. J. Exp. 

Med. 157, 705-719. 

Meuer, S. C., Acuto, 0., Hercend, T., Schlossman, S. F., and Reinherz, E. L. 

( 1984). The human T -cell receptor. Ann. Rev. Immunol. 2, 23-50. 

Miller, J., Selsing, E., and Storb, U. (1982). Structural alterations in J regions of 

mouse immunoglobulin A. genes are associated with differential gene 

expressions. Nature 295, 428-430. 

Milstein, C. ( 1967). Linked groups of residues m immunoglobulin Kappa chains. 

Nature 216, 330-332. 

Mitchell, G. F., and Miller, J. F. A. P. (1968). Cell-to-cell interaction in the 

immune response. II. The source of hemolysin-forming cells in irradiated 

mice given bone marrow and thymus or thoracic duct lymphocytes. J. Exp. 

Med. 128, 821-837. 

Murphy, D. B. (1978). The I-J subregion of the murine H-2 gene complex. 

Springer Seminars Immunopathol. 1, 111-130. 

Nakanishi, K., Sugimura, K., Yaoita, Y ., Maeda, K., Kashiwamura, S-I., Honjo, T ., 

and Kishimoto, T. (1982). A T 15-idiotype-positive T suppressor hybridoma 

does not use the T15 VH gene segment. Proc. Natl. Acad. Sci. U.S.A. 79, 

6984-6988. 



25 

Nishida, Y ., Miki, T ., Hisajima, H., and Honjo, T. (1982). Cloning of human 

immunoglobulin ~ chain genes. Evidence for multiple C~ genes. Proc. Natl. 

Acad. Sci. U.S.A. 79, 3833-3837. 

Nossal, G. J. V ., Warner, N. L., Lewis, H., and Sprent, J. (1972). Quantitative 

features of a sandwich radioimmunolabelling technique for lymphocyte 

surface receptors. J. Exp. Med. 135, 4-05-4-28. 

Ohta, T. (1981). In: Evolution and variation of multigene families, (ed. S. Levin), 

p. 72-87, Springer Verlag, Berlin. 

Ollo, R., Auffray, C., Morchamps, C., and Rougeon, F. (1981). Comparison of 

mouse immunoglobulin ya and yb chain genes suggests that exons can be 

exchanged between genes in a multigenic family. Proc. Natl. Acad. Sci. 

U.S.A. 78, 24-4-2-24-4-6. 

Owen, F. L., Rib let, R., and Taylor, B. A. (1981 ). The T suppressor cell 

alloantigen Tsud maps near immunoglobulin allotype genes and may be a 

heavy chain constant region marker on a T cell receptor. J. Exp. Med. 153, 

801-810. 

Padlan, E., Segal, D., Spande, T., Davies, D., Rudikoff, S., and Potter, M. (1973). 

Structure at 4-.5 .A resolution of a phosphorycholine-binding Fab. Nature New 

Biol. 245, 165-167. 

Putnam, M., Newell, J., Rudikoff, S., and Haber, E. (1971). Classification of 

mouse V K groups based on the partial amino acid sequence to the first 

invariant tryptophan: Impact of 14- new sequences from IgG myeloma 

proteins. Mol. Immunol. 19, 1619-1630. 

Rabbitts, T ., Forster, A., and Milstein, C. (1981). Human immunoglobulin heavy 

chain genes: Evolutionary comparisons of C11, Co and Cy genes and 

associated switch sequences. Nucl. Acids Res. 9, 4-509-4-524-. 

Raff, M. C. (1971). Surface antigenic markers for distinguishing T and B 

lymphocytes in mice. Transpl. Rev. 6, 52-80. 



26 

Ravetch, J., Siebenlist, U., Korsmeyer, S., Waldmann, T., and Leder, P. (1981). 

Structure of the human immunoglobulin ll locus: Characterization of 

embryonic and rearranged J and D genes. Cell 27, 583-591. 

Rogers, J., Early, P., Carter, C., Calame, K., Bond, M., Hood, L., and Wall, R. 

( 1980). Two mRNAs with different 3' ends encode membrane-bound and 

secreted forms of immunoglobulin ll chain. Cell 20, 303-312. 

Rothenberg, E. and Lugo, J. Differentiation and cell division in the mammalian 

thymus. Devel. Biol., in press. 

Sakano, H., Huppi, K., Heinrich, G., and Tonegawa, S. ( 1979). Sequences of the 

somatic recombination sites of immunoglobulin light-chain genes. Nature 

280, 288-294. 

Sakano, H., Maki, R., Kurosawa, Y ., Roeder, W ., and Tonegawa, S. (1980). Two 

types of somatic recombination are necessary for the generation of complete 

immunoglobulin heavy-chain genes. Nature 286, 676-683. 

Sakano, H., Kurosawa, Y ., Weigert, M., and Tonegawa, S. (19&1). Identification 

and nucleotide sequence of a diversity DNA segment (D)_ of immunoglobulin 

heavy-chain genes. Nature 290, 562-565. 

Schilling, J., Clevinger, B., Davie, J. M., Hood, L. (1980) Amino acid sequence of 

homogeneous antibodies to dextran and DNA rearrangements in heavy chain 

V-region gene segments. Nature 283, 35-40. 

Scollay, R., Bartlett, P., and Shortman, K. (1984). T cell development in the adult 

murine thymus: Changes in the expression of the surface antigens Ly2, L3T4 

and B2A2 during development from early precursor-cells to emigrants. 

Immunol. Rev. 82, 79-103. 

Segal, D., Padlan, E., Cohen, G., Rudikoff, S., Potter, M., and Davies, D. (1974). 

The three-dimensional structure of a phosphorylcholine-binding mouse 

immunoglobulin Fab and the nature of the antigen binding site. Proc. Natl. 

Acad. Sci. U.S.A. 71, 4298-4302. 



27 

Seidman, J., Max, E., and Leder, P. (1979). A K-immunoglobulin gene is found by 

site-specific recombination without further somatic mutation. Nature 280, 

370-375. 

Selsing, E., and Storb, U. (1981). Somatic mutation of immunoglobulin light-chain 

variable-region genes. Cell 25, 47-58. 

Shimizu, A., Takahashi, N., Yamawaki-Katoaka, Y., Nishida, Y., Katoaka, T., and 

Honjo, T. (1981). Ordering of mouse immunoglobulin heavy chain genes by 

molecular cloning. Nature 289, 49-53. 

Siebenlist, U., Ravetch, J., Korsmeyer, S., Waldmann, T., and Leder, P. (1981). 

Human immunoglobulin D segments encoded in tandem mul tigenic families. 

Nature 294, 632-635. 

Smith, G. P., Hood, L., and Fitch, W. M. (1971). Antibody diversity. Ann. Rev. 

Biochem. 40, 969-1012. 

Smithies, 0. (1967). The genetic basis of antibody variability. Cold Spring Harb. 

Symp. Quant. Biol. 32, 161-168. 

Solinger, A. M., U ltec, M. E., Margoliash, E., and Schwartz, _ R. H. ( 1979). T

lymphocyte response to cytochrome c. I. Demonstration of a T -cell 

heteroclitic proliferative response and identification of a topographic 

antigenic determinant on pigeon cytochrome c whose immune recognition 

requires two complementing major histocompatibility complex-linked immune 

response genes. J. Exp. Med. 150, 830-848. 

Swierkosz, J. E., Marrack, P ., and Kappler, J. W. ( 1979). The role of H-2 linked 

genes in helper T cell function. V. I-region control of helper T cell 

interaction with antigen-presenting macrophages. J. Immunol. 123, 654-659. 

Takahashi, N., Ueda, S., Obata, M., Nikaido, T., Nakai, S., and Honjo, T. (1982). 

Structure of human immunoglobulin gamma genes: Implications for the 

evolution of a gene family. Cell 29, 671-679. 



28 

Taniguchi, M., Tokuhisa, T., Kanno, M., Yaoita, Y. Shimizu, A., and Honjo, T. 

(1982). Reconstitution of antigen-specific suppressor activity with 

translation products of mRNA. Nature 298, 172-174. 

Thomas, D. W ., Kamashi ta, U ., and Shevach, E. M. (1977). Nature of the antigenic 

complex recognized by T lymphocytes. IV. Inhibition of antigen-specific 

proliferation by antibodies to stimulator macrophage Ia antigens. J. Immunol. 

119, 223-226. 

Thomas, D. W., Hsieh. K-H., Schauster, J. L., Mudd, M. S., and Wilner, G. D. 

( 1980). Nature of T lymphocyte recognition of macrophage-associated 

antigens. V. Contribution of individual peptide residues of human fibrino 

peptide B to T lymphocyte responses. J. Exp. Med. 152, 620-632. 

Tonegawa, S., Maxam, A., Tizard, R., Bernard, 0., and Gilbert, W. ( 1978). 

Sequence of a mouse germ-line gene for a variable region of an 

immunoglobulin light chain. Proc. Nat!. Acad. Sci. U.S.A. 75, 1405-1489. 

Tucker, P., Marcu, K., Newell, N., Richards, J., and Blattner, F. (1979). Sequence 

of the cloned gene for the constant region of the murine y2b immunoglobulin 

heavy chain. Science 206, 1303-1306. 

Tucker, P., Slightom, J., and Blattner, F. (1981). Mouse IgA heavy chain gene 

sequence: Implications for evolution of immunoglobulin hinge exons. Proc. 

Natl. Acad. Sci. U.S.A. 78, 7684-7688. 

Ueda, S., Nakai, S., Nishida, Y ., Hisajima, H., and Honjo, T. ( 1982). Long terminal 

repeat-like elements flank a human immunoglobulin epsilon pseudogene that 

lacks introns. EMBO J. 1, 1539-1544. 

Walfield, A., Selsing, E., Arp, B., and Storb, U. (1981). Misalignment of V and J 

gene segments resulting in a nonfunctional immunoglobulin gene. Nucl. Acid 

Res. 9, 1101-1109. 

Weigert, M. G., Cesari, I. M., Yankovich, S. J., and Cohn, M. (1970). Variability in 

the lambda light chain sequence of mouse antibody. Nature 228, 1045-1047. 



29 

Weigert, M., and Riblet, R. ( 1976). Genetics of variable regions. Cold Spring 

Harb. Symp. Quant. Biol. 41, 837-846. 

Weigert, M., Perry, R., Kelley, D., Hunkapiller, T., Schilling, J., Hood, L. (1980). 

The joining of V and J gene segments creates antibody diversity. Nature 283, 

497-499. 

Whitlock, C., Denis, K., Robertson, D., and Witte, 0. (1985). In vitro analysis of 

murine B-cell development. Ann. Rev. Immunol. 3, 213-235. 

Wieder, K. J., Araneo, B. A., Kapp, J. A., and Webb, D. R. (1982). Cell-free 

translation of a biologically active, antigen-specific suppressor T cell 

factor. Proc. Natl. Acad. Sci. U.S.A. 79, 3599-3603. 

Wu, G., Govindji, N., Hozumi, N., and Murialdo, H. (1982). Nucleotide segments of 

a chromosomal rearranged A2 immunoglobulin gene of mouse. Nucl. Acids 

Res. 19, 3831-3843. 

Wu, T., and Kabat, E. (1970). Analysis of the sequences of Bence-Jones proteins 

and myeloma light chains and their implications of antibody 

complementarity. J. Exp. Med. 132, 211-250. 

Yamawaki-Katoaka, Y., Katoaka, T., Takahashi, N., Obata, M., and Honjo, T. 

(1980). Complete nucleotide sequence of immunoglobulin y2b chain gene 

cloned from mouse DNA. Nature 283, 786-789. 

Yamawaki-Katoaka, Y ., Miyata, T ., and Honjo, T. (1981). The complete nucleotide 

sequence of mouse immunoglobulin y2a gene and evolution of heavy chain 

genes: Further evidence for intervening sequence-media ted domain transfer. 

Nucl. Acids Res. 9, 1365-1381. 

Yanagi, Y., Yoshikai, Y., Leggett, K., Clark, S. P., Aleksander, I., and Mak, T. W. 

( 1984). A human T cell-specific eDNA clone encodes a protein having 

extensive homology to immunoglobulin chains. Nature 308, 145-149. 



30 

Zeelon, E., Bothwell, A., Kantor, F., and Schechter, I. ( 1981). An experimental 

approach to enumerate the genes coding for immunoglobulin variable

regions. Nucleic Acids Res. 9, 3809-3820. 

Zinkernagel, R. M., and Doherty, P. C. (1974). Restriction of in vitro T cell

mediated cytotoxicity in lymphocytic choriomeningitis within a syngeneic or 

semi allogeneic system. Nature 248, 701-702. 

Zinkernagel, R. M., and Doherty, P. C. (1975). H-2 compatibility requirements for 

T -cell-mediated lysis of target cells infected wih lymphocytic chorio

meningitis virus. J. Exp. Med. 141, 1427-1436. 

Zinkernagel, R. M., and Doherty, P. C. (1979). MHC restricted cytotoxic T 

cells: Studies on the biological role of polymorphic major transplanation 

antigens determining T cell restriction specificity, function and 

responsiveness. Adv. Immunol. 27, 51-177. 



31 

Figure 1. An immunoglobulin molecule. The amino and carboxy terminals and 

interchain cystine disulfide bridges are indicated. VL and CL represent the 

variable and constant regions of the light chain. VH represents the variable 

regions of the heavy chain; CH 1, CH2, CH3 and CH4 represent the domains of the 

heavy chain constant region. H indicates the hinge region of the heavy chain. The 

variable regions are subdivided into seven sections: four framework regions 

denoted FR; and the complementarity-determining regions, or hypervariable 

regions, denoted CDR. The portions of the heavy chain variable region that are 

encoded by the DH and JH gene segments and the portion of the light chain 

variable region that is encoded by the JL gene segment are indicated. 
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Figure 2. Immunoglobulin gene rearrangement and mRNA splicing. A) Light 

chain. The VL and JL gene segments and the e gene are indicated; L is the 

hydrophobic leader of the V L gene, and P denotes the initiation point of 

transcription. DNA rearrangement involves the deletion of the DNA between the 

V and J gene segments. Splicing of the hnRNA removes the introns between the 

leader and the variable region gene and the variable region gene and the constant 

region gene. B) Heavy chain. The V H' DH, and JH gene segments and the ell gene 

are indicated. The L is the leader, and P denotes the initiation point of 

transcription. The exons of the ell gene are indicated 1-4, with S indicating the 

secreted exon, and M indicating the membrane-bound exon. The hatched boxes 

indicate 3' untranslated regions. The rearrangement and splicing events are 

similar to those of the light chain genes except that a differential splicing event 

at the 3' end of the gene generates the potential for two carboxy termini: one 

that serves as the membrane anchor of the membrane-bound immunoglobulin, the 

other as a secreted tail. 
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Figure 3. Genomic organization of the immunoglobulin gene families. 

Crosshatches indicate that the physical linkage has not been determined. 
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Figure 4. A model for the heavy-chain class switch from Cll to Ca. The variable 

region gene and the constant region genes are indicated. S , S and S indicate 
ll y Cl 

the switch regions for the ell, cy and c(l genes. p ll and p a indicate putative 

switch proteins. Rearrangement during the heavy chain class switch occurs within 

the switch regions. 
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Figure 5. Recognition signals for DNA rearrangement. A) A schematic drawing. 

Heptamer and nonamer sequences are denoted with a filled-in box and indicated. 

The 1 and 2 indicate the one-turn and two-turn spacers, respectively. 

B) Comparisons of recognition signals of different immunoglobulin gene segments. 

Heptamers and nonamers are boxed and the length of the spacer distances are 

indicated in parentheses. The nature of the recognition signals (i.e., one-turn or 

two-turn) is indicated on the right. 
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CHAPTER TWO 

THE STRUCTURE AND EVOLUTION OF A VH GENE FAMILY 

Portions of this chapter have been submitted for publication to the 

Proceedings of the National Academy of Sciences, USA 
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Abstract 

We have sequenced and analyzed the flanking and coding regions of four closely 

related VH gene segments referred to as the the T15 VH gene family. These 

sequences were also compared to all of the other V H gene segment sequences that 

are available. We have identified highly conserved sequences that are partially 

gene-specific and partially shared as complementary sequences between V H and 

V L promoter regions, implying both a common as well as a chain-specific 

regulatory element in immunoglobulin expression. The shared sequence is found to 

be present in one copy in the immunoglobulin enhancer regions as well as histone 

H2B promoter regions. Analysis of the coding regions of the members of the T 15 

family indicates that the members of this family duplicated from a common 

ancestor very recently, and that this VH gene family is under little selective 

pressure to maintain its coding sequence. 
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1. Introduction 

The antibody molecule is composed of two polypeptides: a heavy chain and a light 

chain. These chains consist of a variable region that forms the antigen-binding 

site, and a constant region that carries out the effector functions, such as 

complement fixation. The gene that encodes the variable region is composed of 

several gene segments that are separated in germline DNA and joined together 

during lymphocyte differentiation (for review, see Early and Hood, 1981). The 

light chain variable region gene is comprised of V L and JL gene segments (Brack 

et al., 1978; Seidman et al., 1979; Sakano et al., 1979) and the heavy chain 

variable region gene is composed of VH, D, and JH gene segments (Early et al., 

1980; Sakano et al., 1980). The VH gene segment encodes the 100 N-terminal

most amino acids, the D segment encodes the next 1-7 amino acids, and the JH 

segment encodes the final 15 amino acids of the variable region (Early et al., 

1980). The VH gene segment family is both extremely large and very diverse; 

current estimates indicate that the total size of the family could be as large as 

100 to 300 members that can differ by as much as 60% in nucleotide sequence 

(Brodeur and Riblet, in press; G. Siu and S. Crews, unpublished observations). 

There are a number of important questions concerning the structure of V H gene 

segments. It is believed that these. genes have duplicated from a common 

ancestor (Hood et al., 1983); mechanisms for regulation of V H gene expression 

presumably have been established for these genes, and may be conserved 

throughout the V H gene family. A careful study of the flanking and coding 

sequences of V H genes may provide insight into the mechanisms of gene 

expression in this family. 

Unlike most multigene families, the V H gene segment family is maintained 

at levels of high diversity. The apparent necessity for size and diversity in this 

family presents an opportunity to study a unique case in evolution. Many 
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multigene families, such as histone and rONA families, are maintained at high

copy number, but at low levels of diversity. This is believed to be a result of gene 

duplications and frequent gene conversion events (Federoff, 1979; Hentschel and 

Birnstiel, 1981). Other multigene families, such as globins, are maintained at low

copy number (Fritsch et al., 1980; Lauer et al., 1980). Since the individual 

members of the globin family have distinct and separate functions and are 

expressed at different times, they share only weak homology to each other (Lauer 

et al., 1980; Fritsch et al., 1980; Efstratiadis et al., 1980). In contrast to these 

other families, the V H gene segment family is large and diverse. Different V H 

gene segments, in combination with different 0 and JH segments and light chains, 

may bind a wide variety of antigens. The spectrum of antigens that one VH gene 

segment is capable of binding may overlap with the spectrum of antigens that a 

different VH gene segment is capable of binding. It is possible, then, that 

different V H gene segments may be employed against the same antigen 

(Perlmutter et al., submitted); if so, deleterious mutations to one of the VH gene 

segments would not necessarily lead to the loss of response to that antigen. 

Because of this, the selective forces that act on this family are believed to be 

unique and varied. An analysis of this V H gene segment family allows a better 

understanding of the selective pressures that operate on variable region gene 

segments and the mechanisms that generate diversity. 

We have undertaken an extensive analysis of the VH gene segment family. 

We have analyzed a group of four closely related VH gene segments referred to as 

the T15 VH gene family (Crews et al., 1981), and we have compared them to all of 

the other V H gene segment sequences that have been published to date. In this 

analysis, we find that the basic structure of the V H gene segment is only 600-700 

base pairs (bp) in length. There are conserved sequences immediately 5' to mRNA 

transcribed sequences that include sequences that may be necessary for 
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transcription of the antibody gene, and there are sequences 3' to the gene that are 

involved in joining the V H gene segment to the D gene segment. Sequences 

flanking these conserved sequences do not appear to be conserved among V H gene 

segments. Calculations indicate that these gene segments are mutating rapidly, 

and yet are under some selective pressure to maintain their coding sequence. 

2. Materials and Methods 

(a) Sources of cloned DNA and preparation of subclones 

The four gene segments of the Tl5 VH gene family, designated Vl, V3, Vll 

and Vl3, were isolated from a library of BALB/c mouse sperm DNA cloned into a 

Charon 4A bacteriophage vector (Crews et al., 1981). The clones were isolated by 

virtue of their hybridization to the plasmid, pSl07Vl, which was radioactively 

labeled with 32 P by nick translation (Rigby et al., 1977). The pSl07Vl plasmid 

contains a complete copy of the variable region sequence of the mRNA from the 

5107 myeloma (Early et al., 1980). Its VH segment sequence is identical to the Vl 

germ line gene segment. Five clones named A V 1, A V 3, A V 11, A V 13 and A V 19 were 

used for sequence analysis (Figure 1). Each of the four clones designated its 

corresponding gene segment, with the exception of A V 19, which contains the V 1 

gene segment. Subclones from each of the A clones were constructed and 

transformed into the bacterial host strains HBlOl and MC1061. The subclones 

were constructed as follows: 

V 1 gene segment 

pBV 1 B2. The 2.4 kb Bam HI fragment from A V 1 containing the V l gene segment 

was cloned into the Bam HI site of pBR322. 

pBV1B5. The 0.54 kb Bam HI fragment from A V 1 immediately 5' to the VH gene 

was cloned into the Bam HI site of pBR322. 

pBV 19B4. The 2.4 kb Bam HI fragment from A V 19 containing the V 1 gene segment 
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was cloned into the Bam HI site of pBR322. This clone is equivalent to pB V 1 B2 

and the two were used interchangeably. 

pBV19R2. The 8.2 kb Eco RI fragment from A V 19 containing the V 1 gene segment 

was cloned into the Eco RI site of pBR322. 

V3 gene segment 

pUV3B3. The 4.4 kb Bam HI fragment from A VJ containing the VJ gene segment 

was cloned into the Bam HI site of pUK2. 

pV3V+. The 1.9 kb Sau JA fragment containing the V3 gene segment was cloned 

into the Bam HI site of pUK2. 

V 11 gene segment 

pBV11B3. The 6.2 kb Bam HI fragment from Vll containing the Vll gene segment 

was cloned into the Bam HI site of pBR322. 

pBVllRl. The 5.7 kb Eco RI fragment from Vll containing the Vll gene segment 

was cloned into the Eco RI site of pBR322. 

pBV 11Sau. A 1.6 kb Sau JA fragment from V 11 containing the V 11 gene segment 

was cloned into the Bam HI site of pBR322. 

V13 gene segment 

pBV 13H 4. The 1. 7 kb Hind III fragment from V 13 containing the 5' part of the V 13 

gene segment was cloned into the Hind III site of pBR322. 

pBV 13H5. The 1.1 kb Hind III fragment from V 13 containing the 3' part of the V 13 

segment was cloned into the Hind III site of pBR322. 

(b) Restriction enzyme mapping and DNA sequencing 

Restriction mapping of the subclones was carried out by either comparing 

double digests to single digests of various restriction enzymes or by the method of 

Smith and Birnstiel (1976). The bulk of the DNA sequencing was done using the 

method of Maxam and Gilbert (Maxam and Gilbert, 1980). Additional sequencing 

was done utilizing the dideoxynucleotide method of Sanger (Sanger et al., 1977) 
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utilizing restriction enzyme fragments subcloned into Ml3mp2 and Ml3mp8 

(Messing and Vieira, 1982). All of the sequence information analyzed were 

sequenced on both strands in order to minimize errors. 

(c) Analysis of DNA sequences 

DNA sequences were compared by utilizing the dot matrix computer 

program. In the method used in this paper, the computer compares a five

nucleotide string from one sequence to all five-nucleotide strings in the other 

sequence; a dot is recorded for each perfect match. Alignment of sequences were 

performed by inspection. Analysis of mutation rates and divergence times was 

carried out utilizing the method of Kimura ( 1981). 

3. Results 

We have sequenced approximately four kilobases of flanking, coding and 

intervening sequences 5' and 3' to the four members of the T 15 family. The 

sequencing strategies and restriction maps for each of these genes is shown in 

Figure 1. Utilizing these sequences and sequences derived from previous work 

(Crews et al., 1981; Huang et al., 1981), we have analyzed the various features of 

both the members of the T 15 gene family and the V H gene segment family as a 

whole using heteroduplex formation, dot matrix analysis, and direct nucleotide 

comparison. 

(a) General features of the T 15 V H gene family 

V 1 gene segment. The V 1 gene segment is a functional gene segment; it is 

utilized in antibodies that bind phosphorylcholine. Its structure is similar to other 

functional VH gene segments (Figure 2). The 5' end of the mRNA that encodes the 

V 1 gene expressed in the antiphosphorylcholine response has been identified at a 

site 63 bp 5' to the initiator codon of the leader peptide (Clarke et al., 1982). 

Twenty-three base pairs 5' to the initiation site of transcription is a sequence 
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resembling the T ATA sequence that is generally found 22-23 bp 5' to most 

initiation sites of RNA polymerase II-transcribed genes. The intervening sequence 

of the V1 gene segment is characterized by a large stretch of alternating Ts and 

Gs. This stretch of TG dinucleotides is 64 nucleotide pairs long and is not a 

feature of any other known V H gene segment. 

V3 gene segment. The V3 gene segment is clearly nonfunctional (Huang 

et al., 1981). Although the 3' half of the sequence encoding the leader peptide 

bears homology to the other leader sequences in this family, the 5' half does not 

share homology with the other leader sequences of this family, nor does it share 

homology with the leaders of any other VH gene segments. However, there are in

frame ATG initiator codons without an intervening in-frame termination codon, so 

it is still possible that a leader peptide could be synthesized using this sequence. 

In addition, the VJ gene segment does not appear to have any of the promoter 

elements found in other eukaryotic genes and in the other V gene segments (see 

below). It is possible that the VJ gene segment may have a long 5' untranslated 

region. As there does not appear to be an adequate promoter in the sequenced 

region, this would require a 5' untranslated region of over 500 bp. 

V 11 gene segment. The V 11 gene segment is a functional gene segment; it 

encodes the heavy chain variable region observed in the M47 A myeloma antibody 

(Robinson and Appella, 1979). All of its features are similar to other V H gene 

segments. 

V 13 gene segment. The V 13 gene segment is utilized by the 38C myeloma 

(M. Potter, personal communication). As for Vl and Vll, all of its general 

features are similar to other V H gene segments. 

(b) Comparisons of the members of the T 15 V H gene family 

We have analyzed the sequences of this family on several levels since 

different levels of analysis may reveal features that other methods may not. 
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Heteroduplex analysis of the germ line clones of the T 15 family (K. Calame, 

unpublished) reveals that the homology between V 11 and V 13 extends for long 

distances in both the 5' and 3' flanking regions. In contrast to the V 11-V 13 

comparison, the homology shared between V3 and V 11 and V3 and V 13 is very 

limited; V3 shared only 700 bp of homology with these other gene segments, 

centered about the V H coding region. 

Figure 3(a-f) show 5 x 5 dot matrices utilizing the flanking and coding 

sequences of each of the members of the T 15 V H gene family. This method of 

analysis is useful in that it identifies and characterizes large stretches of 

homology in sequenced regions and permits the identification of small deletions 

and small repeated sequences. It is clear from this analysis that the overall levels 

of homology are decreased in the flanking regions with respect to the coding 

regions. Of the four members of this family, V 11 and V 13 appear to be most 

homologous in the flanking region, although there appears to be a large deletion 

(84 bp) in the 3' flanking region of V 13 with respect to the others. V 1 is less 

homologous in both 5' and 3' flanking regions to V 11 and V 13, while V 3 shar.es no 

homology with any of the others in the 5' flanking region immediately preceding 

the leader sequence. V3 does share homology in the immediate 3' flanking region 

with the others. The homology in the intervening sequence varies considerably. 

V 11 and V 13 have high homology in this region, higher than even the coding 

region. VJ shares considerably less homology in the intervening sequence with 

respect to the coding region in comparison with either V 11 or V 13. V 1 shares 

little or no homology with any of the other members of this family in this region. 

The leader sequences appear to be very highly conserved, although the small size 

of the leader makes analysis on this level difficult. The levels of homology are 

clearly highest in the V H coding region. In every case (with the exception of the 

V11-V13 comparison), the homology between members of this family is extremely 

high in the coding region, higher than any other region. 
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The sequences were then directly analyzed. Gaps were inserted to 

maximize homology (Figure 2). In order to learn more about the rates at which 

these sequences are evolving, we have divided the Y H gene segment region into 

various regions that may differ functionally and calculated the number of 

substitutions between each pair of genes. The data were then analyzed using the 

3ST model formulae for estimating mutation rates and evolutionary distances 

proposed by Kimura (1981). Within coding regions we have calculated the 

mutation rate at each of the three positions constituting a codon and have also 

calculated the rate for those mutations that cause an amino acid change 

(replacement-site mutations) and those that do not cause an amino acid change 

(silent-site mutations). Using the 3ST model, a value for the frequency of base 

substitutions per site (K) and an error variance for this value (a~) can be 

obtained. These values permit us to calculate the rate at which two sequences 

have diverged from each other as well as an estimate of the error of these values 

(Figure 4). The mutation frequencies in the flanking regions are much higher than 

the mutation frequencies in the coding regions. The mutation frequency in the 5' 

flanking region appears to be the highest in every comparison, significantly higher 

than even the mutation frequency in the 3' flanking region. The 3' flanking region 

appears to be mutating somewhat slower than the 5' flanking region; the mutation 

frequency in each comparison in the 3' flanking region is significantly lower than 

the mutation frequency in the 5' flanking region. This disparity is somewhat 

surprising; the 3' flanking region was previously believed to be under no selection 

pressure and therefore should not differ in mutation frequency from the 5' 

flanking region. Although the 3' flanking region contains the recognition signals 

for V-D joining, these sequences are too small to significantly affect the 

calculated mutation frequencies for this area. 
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The 5' proximal region, defined as the region starting at the cap site and 

proceeding 5' to a conserved putative promoter sequence (see below), appears to 

be mutating at the same rate as the 5' untranslated region. Both of these 

mutation frequencies are significantly lower than the mutation frequency in the 5' 

flanking region and somewhat lower than the mutation frequency in the 3' flanking 

region. The intervening sequences of V3, V 11 and V 13 appear to be mutating at a 

rate less than or equal to the mutation rate in the 5' proximal and untranslated 

regions. The V 1 intervening sequence, however, does not appear to be very similar 

to the other intervening sequences; homology between V 1 and the other members 

of the family in this region is limited almost solely to the splice signals. In 

addition, the V 1 intervening sequence contains a repeating unit of 32 TG 

nucleotide pairs that is absent in other V H gene segments. The coding region 

appears to be mutating the slowest. As expected, the silent substitution 

frequency is higher than the replacement substitution frequency. The relative 

selectivity, which we will define as K A/Ks (the ratio of the mutation frequency of 

the amino acid replacement-site to the mutation frequency of the silent-site) 

ranges from 0.45 to 0.&, which is generally higher than most eukaryotic genes. 

The comparison of the V3 pseudogene to the other functional genes shows that the 

relative selectivity is higher than the other comparisons (KA/Ks = 0.6-1.6). This 

is not unexpected since the V3 gene will be free to diverge at all positions once it 

is rendered nonfunctional; since there are more possibilities for a replacement 

substitution than a silent substitution, replacements will accumulate at a high 

rate. When comparisons are made between the different codon positions, it is 

apparent that the mutation frequencies in the second and third positions are 

approximately equal and are consistently higher than the mutation frequency in 

the first position. Analysis of the mutation frequencies of the different positions 

of the codon show that for the T 15 family, the ranking in order of decreasing 

value is K2>K3>K 1; for other eukaryotic genes, the order is K 3>K 1 >K 2• 
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4. Discussion 

(a) Structure of V H gene segments 

The comparative analysis of different V H gene segments has revealed 

sequences both 3' and 5' to the coding regions that are shared by all V H gene 

segments and may serve a role in the function of these genes. 

3' flanking sequences. The putative recognition sequences for V-0 joining, 

a conserved 7 mer and a conserved 9 mer, are located 3' to the VH gene segment. 

In addition to these sequences, there appear to be other conserved sequences 

directly 3' to the V H gene segment (Figure 5): the first is the dinucleotide 

sequence CA located 10 bp downstream from the 7 mer and the second is the 

sequence TGAG located 4 bp downstream from the first sequence. These 

sequences are comparatively short, thus the significance of their conservation (if 

any) is unclear. Further analysis reveals that neither the conserved sequence nor 

its complement is found in the flanking regions of the D and JH gene segments. A 

portion of the conserved sequence is an in-frame stop codon which is the first in

frame stop codon 3' to the V H gene segment (Early et al., 1980). 

V H coding sequence. VH segments have been divided into framework and 

hypervariable regions based on analysis of protein sequences (Wu and Kabat, 1970). 

Since it is clear that somatic mutation can alter the sequence of germline gene 

segments that are utilized to synthesize antibodies, it is possible that the 

framework and hypervariable region distinctions do not relate to the diversity of 

germline gene segments but are a result of somatic mutation and clonal selection 

of antibody-bearing lymphocytes. Our comparison of germline gene segments 

clearly indicates that, at least in part, this is not the case; the distinction between 

the framework and hypervariable regions is evident in the germline gene segment 

sequence itself. Figure 6 shows an alignment of the translated sequences of a 

representative of all of the germ line V H gene segment families published to 
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date. The clustered mutations are highest in the second hypervariable region 

(residues 50-55). Using the convention of Wu and Kabat ( 1970), a variability plot 

of the V H gene segment sequences in Figure 6 is shown (Figure 7). The hyper

variable peaks are clearly observed in the second hypervariable region; since the 

data analyzed here represent germline VH gene segments, no somatic mutational 

or clonal expansion mechanisms have acted upon these sequences. It is interesting 

to note that the first hypervariable region, located at residues 31-34, does not 

appear to be in evidence in this comparison. This would indicate that the first 

hypervariable region is generated via somatic mutational events alone, and is not 

inherent in the germline, unlike the second hypervariable region. Thus, amino acid 

residues in the second hypervariable region appear to be mutating faster than the 

residues in the framework region. This indicates that either negative selection 

pressure is operating to maintain the framework region, or positive selection is 

operating to diversify the second hypervariable region. 

As mentioned above, the leader sequence appears to be almost as conserved 

as the coding region. The conservation appears to be limited to the maintenance 

of the basic structure of the leader sequence; this includes an uninterrupted 

stretch of neutral or hydrophobic amino acids flanked by charged residues (Silhavy 

et al., 1983). Comparisons of the intervening sequences of the different V H gene 

segments fail to identify any conserved sequences, with the exception of the 

splice sequences at the boundaries of the intervening sequences. 

5' untranslated sequences. These sequences can vary significantly both in 

length and sequence. The sequences can differ in size from 63 bp (V 1) to 29 bp 

(V H 10 1), or even longer (Kraig et al., 1983). There is a clear conservation of 

sequence spanning about 21 bp just 5' to the leader peptide sequence (Figure 8). 

This sequence homology is not shared by light chain genes or other eukaryotic 

genes. Their possible function remains unclear, but there exist several 
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possibilities. It could function as an entry point or to facilitate ribosome binding 

to the mRNA, perhaps as a way to divert the biosynthetic machinery to the 

production of heavy chains. Another possibility is that this region plays a role in 

mRNA stability or folding. To this end, we have examined both variable and 

constant region sequences for inverted complementary structures that could base

pair with these sequences but have not found any striking candidates. It is of 

course also possible that these sequences affect the regulation of expression of 

this gene, either by acting at the transcriptional or at the processing level. It is 

important to note that although this region appears to be very homologous in most 

VH gene segments (including at least four other VH gene families, data not 

shown), there are exceptions: VH101 has this area deleted, and this region in 

BCL 1 and the human V H genes HG3 and HA2 does not appear to be very 

homologous to the others (Figure 8). 

5' flanking sequences. By analogy to other prokaryotic and eukaryotic 

genes (Efstratiadis et al., 1980; McKnight, 1982; Hen et al., 1982; Tavernier et al., 

1983; Walker et al., 1983; Dierks et al., 1983), it is expected that there are regio_ns 

in the 5' flanking sequences of V H gene segments that will be involved in the 

initiation and regulation of the transcription of antibody genes. We have identified 

two regions of conserved sequence 5' to the gene that may play a role in the 

expression of the gene (Figure 8). The first is 23 bp 5' to the initiation site of 

transcription (the "cap" site). This homology block is similar to the consensus 

sequence ATAAAft observed in other genes transcribed by RNA polymerase II 

22-23 bp 5' to the initiation site of transcription (the TATA box) (Breathnach and 

Chambon, 1981 ). There is no absolute consensus sequence except an AT -rich 

character. This region is believed to be important for the correct initiation of 

transcription. 
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Of more interest, we have found a conserved sequence block 19 bp 5' to the 

TATA box that appears to be uniquely associated with VH gene segments. We 

have designated this homology region the VH-box, and divided it into two portions; 

the A portion has the consensus sequence CAtGAA and is separated by 3 bp from 

the B portion which has the consensus sequence A TGCAAA T. The CAAA T part of 

the B sequence is reminiscent of the sequence CCAAT that is found at variable 

distances from the TAT A box in many eukaryotic mRNA-encoding genes (Benoist 

et al., 1980). It is possible that the TATA box and CCAA T sequences are 

generally required by eukaryotic genes for accurate and efficient transcription 

and that additional sequences are required for gene-specific regulation. Such 

sequences for the heavy chain variable region may be the (A) and part of the (B) 

regions of the V H-box. These sequences could interact with regulatory proteins or 

other macromolecules or may exert their regulatory influence by virtue of direct 

DNA alterations upon interaction with the internal nuclear milieu. As part of this 

analysis, we have examined a large number of antibody light chain variable region 

sequences for the occurrence of this sequence. Since these genes are coexpressed 

during antibody synthesis, it is conceivable that they might share regulatory 

sequences. We are able to discern several homologous sequences in light chains 

(Figure 9). The TATA box is located 21-23 bp to the "cap" site, and a CCAAT 

sequence is located 43-56 bp 5' to the TA TA box. An additional region of 

homology was identified between the TAT A and CCAA T boxes. This conserved 

sequence follows the consensus sequence TGATTTGCATGT. We refer to this 

sequence as the V L -box. It is interesting to note that the core of this sequence is 

the perfect complement of portion B of the V H-box, ATGCAAA T. We have 

analyzed the regions of the heavy chain and the putative light chain enhancer for 

the presence of this sequence. Both of these regions were found to contain one 

copy of the V L -box sequence. In the heavy chain enhancer, the V L box is found 
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starting at position 548 and has the sequence T AA TTTGCA T A (Gillies et al., 

1983); in the light chain enhancer, the V L box is found starting at position 3590 

and has the sequence TAATTTAGCAC (Max et al, 1981). Statistically, this 

sequence will occur at random once in every 262 kilobases of DNA. Analysis of 

other sequenced regions of the immunoglobulin locus reveal that neither the V L 

box nor the V H box nor their complementary sequences are present in these 

regions. Analysis of the JK-CK locus reveals that a portion of the VL box is 

present 5' to the J K gene segments. No copies of the V H box were found in this 

region. 

A study of the promoter regions of a number of different genes (globins, 

class I and class II major histocompatibility genes, histones, heat-shock genes, 

adenovirus, SV4-0, a-type interferon, thymidine kinase) reveals that the V H-box is 

not found in any other promoter region. The V L -box, however, is found in the 

promoter region of the histone H2B gene. As shown in Figure 9, histone H2B 

promoter regions are characterized by a TAT A box, preceded in the 5' direction by 

a variable distance (0-31 bp) by the sequence CTCATTTGCATAC which is 

preceded at a distance of 19-31 bp by the sequence CCAA T (Harvey et al., 1982). 

This sequence bears a striking homology to the V L -box, and the core sequence 

A TTTGCA T is identical to the core sequence of the V L -box and is the perfect 

complement to part B of the VH-box. This may indicate a coordinate regulation 

of the antibody and histone H2B gene families, although this still remains 

unclear. Expression of histone H2B genes is coupled to the cell cycle and DNA 

synthesis; itis possible that antibody transcription may in fact be coupled to DNA 

replication as well. 

None of these putative promoter sequences has been found in the 5' 

flanking region of the V3 gene segment. Although it is possible that the V3 gene 

segment has an extremely long 5' untranslated region, this would be inconsistent 
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with the data on the other VH gene segments (Kataoka et al ., 1982; Clarke et al., 

1982). It is probable that the promoter region has either been deleted, or it was 

not duplicated during the original genetic event that created the V3 gene segment. 

Heteroduplex analysis of the A clones containing the V3 gene segment with the A 

clones containing the other members of the T 15 family has revealed that the 

homology between V3 gene segment and the other V H gene segments is limited to 

approximately 700 bp immediately surrounding the V gene segment (K. Calame, 

unpublished). Either two major deletion events occurred, or, more likely, the 

event that created the V3 gene segment duplicated only 700 bp of sequence around 

the gene. This event did not duplicate the V H promoter; therefore the V3 gene 

segment was probably incapable of being transcribed and hence a pseudogene since 

its creation. The other crippling mutations were probably obtained subsequent to 

that time. Analysis of the V3 gene segment in the B 1 O.P strain of Mus musculus 

(R. Perlmutter et al., in preparation) has shown that two of the crippling 

mutations in the BALB/c V3 gene segment are not found in the BlO.P V3 gene 

segment, yet the promoter region is still absent. This observation is consistent 

with the theory that the V3 gene segment was a pseudogene since its creation. 

(b) Regulation of antibody gene transcription 

Antibody gene transcription is a complex process modulated at several 

stages of lymphocyte differentiation. At the pre-B cell stage, the VH genes are 

rearranged and synthesized; V L rearrangement and expression follows in the 

subsequent stage of B-cell development. In either case, successful rearrangement 

of the variable region gene is necessary in order to synthesize a functional mRNA; 

this implies that some of the regulatory elements which control antibody gene 

expression lie within or near the constant region genes. Recent observations and 

experiments have supported this view (Rice and Baltimore, 1982; Oi et al., 1983; 

Gillies et al., 1983; Queen and Baltimore, 1983; Banerji et al., 1983). At the 
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plasma cell stage (that is, after antigenic challenge), mRNA levels for both heavy 

and light chains increase dramatically. The regulation of expression of heavy and 

light chains, then, differs at the early stages of lymphocyte development, yet 

appears to be coordinated in the terminal steps of development. The control 

mechanisms for these different levels of expression are unclear. As we have 

noticed in this paper, there are structures conserved in the 5' flanking regions of 

both heavy and light chain V gene segments. Part of each structure is heavy or 

light chain-specific and part is shared between the two chains as a complementary 

sequence; the shared portion is also present in both heavy chain and light chain 

enhancer regions. The role of these structures is unclear, yet their strict 

conservation in both sequence and position with respect to promoter elements 

strongly implies that they play an important role in the regulation of expression of 

antibody genes. Efficient and accurate gene transcription require elements 

operating at the initiation site of transcription in addition to the general 

chromosomal conformation; since different genes are expressed under different 

conditions, it is predicted that gene-specific promoter elements exist that_ 

determine the specificity of regulation under these different conditions. The VH 

and V L boxes may be the recognition site for the regulating element that enables 

immunoglobulin genes to be expressed under specific conditions in lymphocytes. 

The presence of this sequence in both heavy and light chain enhancer regions 

raises the possibility of an enhancer-promoter sequence-specific interaction to 

regulate transcription of immunoglobulin genes. 

(c) The evolution of V H genes and the T 15 V H gene family 

The evolution of variable region genes poses some interesting questions to 

which we can obtain answers from comparative structural analyses. It is clear 

that the specificity of antibodies for antigen is determined by the variable region 

sequence. Since the ability to synthesize antibodies that can react with certain 
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pathogenic organisms and harmful substances clearly would be selected for in a 

positive manner, it is possible that selection may be acting on the primary 

sequence of the antibody variable region gene. It is, however, difficult to know 

exactly what the selective pressures acting on a given variable region gene may be 

since a given heavy or light chain gene segment can be utilized to form antibodies 

against a number of different substances. In studying the significance of any 

particular allele in the gene pool, it is difficult to evaluate its selective advantage 

in a natural population. Variable region gene segments pose an additional problem 

in that if one gene segment cannot be utilized to make antibodies against a 

particular antigen, other genes may be utilized to make an effective response. In 

that sense, the multiplicity of germline VH gene segments may serve to provide a 

back-up system to neutralize foreign substances in the event of a damaging 

mutation to a utilized VH segment. This multispecificity may imply that a given 

V H gene segment may be selectively neutral and only several or a series of genes 

would be under selective pressure. Alternatively, each gene segment may be 

considerably better adapted to its role such that it is under direct selective 

pressure. To answer these questions, we have analyzed the coding region and 

flanking region sequences of the T 15 family (Figure 4). 

Analysis of the Tl5 family indicates that the 5' flanking region is evolving 

the fastest. The mutation frequency in the 5' flanking region is significantly 

higher than the other mutation frequencies, even higher than the mutation 

frequency in the 3' flanking region. This implies that the 5' flanking region is 

under very little selection pressure to maintain its sequence. This would indicate 

that the far 5' flanking region distal to the VH box is not important for either the 

structure or the function of the immunoglobulin gene and is probably mutating at 

the high mutation rate of unselected DNA. The 3' flanking region appears to be 

mutating much slower than the 5' flanking region; as mentioned above, the 
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mutation frequency in each comparison in the 3' flanking region is significantly 

lower than the mutation frequency in the 5' flanking region. Although the 3' 

flanking region contains the recognition signals for V-J joining, these sequences 

are too small to substantially alter the calculated mutation frequencies for this 

area. This implies that the 3' flanking region may have an additional function in 

the proper expression or the structure of the immunoglobulin gene. It has been 

hypothesized that certain V gene segments are preferentially rearranged to 

certain D or J segments. If this is the case, one might expect that the control 

region for rearrangement preference could be located near the recognition signals 

and the joining site. The lower mutation rate in the 3' flanking region, then, would 

be a reflection of the selection pressure to maintain this control region. 

The 5' proximal region appears to be mutating at the same rate as the 5' 

untranslated region. Both of these mutation frequencies are somewhat lower than 

the mutation frequency in the 3' flanking region. The 5' proximal region contains 

the signals that are believed to be important in the correct expression of the 

immunoglobulin gene; the lower mutation frequency in this region probably 

reflects the selection forces that are operating to maintain these control 

sequences. The 5' untranslated region has no known function, but may be 

constrained by forces that affect mRNA structure, stability, or function (Shine 

and Dalgarno, 1974; Kozak, 1981). 

The intervening sequence appears to be mutating at a rate slightly slower 

than the 5' untranslated regions. As this calculation ignores the existence of 

insertions and deletions, this difference is probably not significant. This implies 

that there is some negative selection pressure that acts to maintain all mRNA 

sequences, whet~er coding or not. As mentioned above, this negative selection 

pressure may be involved in the maintainence of the mRNA structure or stability. 

This theory was initially proposed to explain observations that indicated that the 
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silent-site mutation rate was slower than the mutation rate of unselected DNA 

(Kafatos et al., 1977). The only highly conserved regions observed are the 

consensus splice signals (Breathnach and Chambon, 1981) at the boundaries of the 

intervening sequence. 

The leader sequence is evolving at a fairly slow rate, slower than the rates 

in the intervening sequence and in the 5' untranslated region. The basic structure 

of a leader sequence is conserved; a string of neutral or hydrophobic amino acids 

flanked by charged residues at both ends. The slower mutation rate in this 

sequence probably reflects the negative selection forces which maintain this 

structure. 

We have examined the rate of silent substitutions occurring in the VH 

coding sequence of the functional genes of the T15 family and compared them to 

the rate of substitution of the flanking and intervening sequences. We find that 

the silent substitution rate is lower than the flanking and intervening sequence 

rates; this is consistent with data derived from study of other genes (Miyata et al., 

1980). This indicates that slight selective pressure does exist to maintain the 

silent-site sequence. The constraints on nucleotide selection at silent sites is 

unclear but may have to do with tRNA abundances, anticodon stabilities, or be 

involved in mRNA stability or secondary structure (Kafatos et al., 1977). When 

the number of silent-site mutations is compared to the number of replacement

site mutations, we find that the silent mutation rate is 1.5-2.5 times greater than 

the replacement mutation rate. This implies that there is selective pressure 

operating to maintain the V H coding sequence above that which partially 

maintains the silent-site sequence. This conflicts with the argument stated above 

that individual V H gene segments are under little selective pressure since other 

VH gene segments which can bind the same antigen can provide an adequate 

immune response to make up for the potential loss from deleterious mutations. If 
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this were the case, we would expect the replacement rate to be more comparable 

to the silent rate. Since this is not the case for any of the members of this 

family, we believe that many VH gene segments are under selective pressure to 

maintain their coding sequence. A study of the T 15 V H gene family in a different 

inbred strain of Mus musculus, B10.P, has been completed (Perlmutter et al., in 

preparation) and provides evidence consistent with this view. This analysis reveals 

that the coding region has been conserved at a significantly higher level than the 

flanking or intervening sequences. This pressure may not be identical throughout 

the V H coding sequence; as mentioned above, it has been noted that the 

hypervariable regions of closely-related germline VH gene segments tend to have 

more fixed mutations than the framework regions. 

Although the mutation frequencies in the replacement site are lower than 

the silent site frequencies, they are extremely high. The mutation rates derived 

from these mutation frequencies are as much as an order of magnitude higher than 

mutation rates in other genes (Miyata et al., 1980). The relative selectivity 

(KA/Ks) is also higher than what is observed for other genes (Miyata et al., 

1980). This implies that although the members of this family are under selection 

pressure, the duplicated members of this family are nonetheless diverging from 

each other very rapidly. This is further indicated by the pattern of the mutation 

frequencies in the three positions of the codon. As mentioned above, the pattern 

of mutation frequencies ranked in order of decreasing value is K3>K 1 >K 2. For 

most eukaryotic genes, the frequency in the second position is generally lowest 

due to the lack of degeneracy; as there are no degenerate positions in the second 

position of a codon, a mutation in the second position would guarantee that an 

amino acid replacement would occur. Furthermore, it has been observed that 

mutations in the second position are more likely to produce a nonconservative 

replacement; that is, amino acid replacement changes in the second position result 
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in greater changes in the physical properties of the protein (Salser, 1976). The 

mutation frequency in the third position is generally very high due to the 

increased degeneracy in that position. The high mutation frequency in the second 

position in the Tl5 family indicates that the Tl5 family, and probably the VH gene 

family in general, is less restricted by selective forces than other eukaryotic 

genes and can therefore tolerate more changes in the primary protein structure 

without loss of function. 

Our evolutionary analysis of the T 15 family reveals that since the 

duplication of the ancestral gene that created this family, the members have 

diverged from each other at an extremely high rate which appears to be 

characteristic of V gene segments. Despite this rapid mutation rate, there is 

strong evidence that selection is occurring to maintain at least one of the 

members of this family. 
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FIG. 1. Bacteriophage lambda genomic clones and plasmid subclones 

containing the members of the Tl5 VH gene family and restriction maps and 

nucleotide sequencing strategies. a) V 1, b) V 3, c) V 11, d) V 13. V H gene segments 

are indicated by the open box; the leader exon is indicated by a line. Arrows over 

the gene segments indicate direction of transcription. Dotted lines in the A. V 1 and 

A. V 10 clones indicate cloning artifacts consisting of the cloning of the Charon 4A 

"stuffer" fragment next to mouse genomic DNA. Arrows below the gene segments 

and flanking regions indicate sequencing direction. Designation next to the arrows 

indicates polarity of end-labeling and technique: M indicates Maxam-Gilbert 

techniques, S indicates Sanger (dideoxy) techniques. Subsequent sequence analyses 

of these regions have completed sequence through all of the restriction sites used 

for sequencing in the previous analyses, with the exception of the Bam HI site in 

the V 1 gene cluster. 
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FIG. 2. Nucleotide sequences of the members of the T 15 family and their 

flanking regions. The cap site for the RNA transcribed from the V 1 gene has been 

identified (Clarke et al., 1982) (boxed "A" at position 575). The leader sequence 

and the coding regions are boxed; the TA TA homology and the rearrangement 

recognition signals are indicated. Gaps were inserted to maximize homology. 
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FIG. 3. Dot matrices comparing the members of the T15 family with each 

other. a) Vll vs. Vl3; b) Vl vs. Vll; c) V3 vs. Vl; d) V3 vs. Vll; e) V3 vs. Vl3. All 

matrices are 5/5 comparisons (see text for details). 
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87 

FIG. 4. Mutation frequencies between the members of the T 15 family 

subdivided into different regions. The 5' flank is defined as the region starting 

just 5' to the VH box and continuing upstream. The 5' proximal region is defined 

as the region starting at the V H box and ending at the cap site. The 3' flank is 

defined as the region starting just 3' to the V H gene segment and continuing 

downstream. The mutation frequencies were calculated using the 3ST technique 

of Kimura ( 1981). Deletion and insertion events were not included in the 

calculations. Mutation frequency analysis within each comparison will not be 

affected, as the number of deletion or insertion events in the 5' and 3' regions are 

approximately equal. The comparisons with V l in the intervening sequence, 

however, must be analyzed with caution. Error limits represent one standard 

deviation. 
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FIG. 5. 3' flanking region of different germline VH gene segments. The 7 

bp and 9 bp rearrangement recognition signals are boxed and indicated. Two 

additional conserved sequences located in the 23 bp spacer sequence are over lined. 

The references for the sequences are: Vl1, V13, V3 and V1 (this paper); VH441 

(Ollo et al., 1981); V14B (S. Crews, unpublished); VH104, VH108A, VH108B, and 

VH111 (Givol et al., 1981); VH105 (Cohen et al., 1982); VH141 (Sakano et al., 

1980); VHIII (Rabbits et al., 1980); V23 (Bothwell et al., 1981). 
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FIG. 6. Comparison of the translated protein sequences of different 

germline VH gene segments. The hypervariable regions according to Wu and 

Kabat (1970) are indicated. The references for the sequences are: Vl (this paper); 

V 14B (S. Crews, unpublished); VH 101 (Kataoka et al., 1982); VH 186-1 (Bothwell et 

al., 1981; Vl08B (Givol et al., 1981); Caiman VH (Litman et al., 1983); VH26 

(Matthyssens and Rabbitts, 1980); VH-III (Rabbitts et al., 19080); VH-I (Rechari et 

al., 1983); VH441 (Olio et al., 1981); VHA 1 (D. Livant, unpublished). 
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FIG. 7. Wu-Kabat analysis for variability. Variability at a given ammo 

acid position N is calculated as 

VariabilityN = number of different amino acids at position N 
frequency of most commonly-occurring amino acid at position N 

Hypervariable regions as defined by Wu and Kabat (1970) are indicated. Sequences 

used in this comparison are listed in Figure 6. 
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95 

FIG. 8. 5' untranslated and flanking regions of different VH gene segments. 

Gaps are inserted to maximize homologies. The cap site for V 1 has been 

identified (the boxed "A"). The TATA and VH boxes are boxed. References are: 

Vll, Vl3, Vl (this paper); Vl08A, Vl08B, V104 and V111 (Givol et al., 1981); V105 

(Cohen et al., 1982); BCLl (Knapp et al., 1982); Mu + 2 (Early et al., 1982); ViOl 

(Kataoka et al., 1982); HA2 and HG3 (Rechavi et al., 1983). 
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FIG. 9. Conserved sequences in the 5' flanking regions of V K regions and 

histone H2b genes. References are: T 1 (A1tenburger et al., 1980), M 173B (Max et 

al., 1980), K2 (Nishioka and Leder, 1980), HK101 and HK102 (Bentley and 

Rabbitts, 1980), MOPC41 (Seidman et al., 1979), Ml67 (Selsing and Storb, 1981), 

MPC 11 (Kelley et al., 1982), MPC 11 non-productive rearrangement (Seidman and 

Leder, 1980), histone H2B alignments (Harvey et al., 1982). The conserved 

sequence was also found in the MOPC215 A light chain (Wu et al., 1982). The 

conserved core sequence is present in MPCll, but it is located 8 bp 3' to the 

TAT A homology. 
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Summary 

A eDNA clone YT35, synthesized from poly( A)• RNA 
of the human T cell tumor Molt 3, exhibits homology 
to the variable (V), joining (J), and constant (C) 
regions of immunoglobulin genes. We have isolated 
and sequenced the germ-line V and J gene segment 
counterparts to YT35 from a human coamid library, 
and these failed to encode 14 nucleotide• of the 
eDNA clone between the V and J regions. We poa· 
tulate that these 14 nucleotides are encoded by a 
third gene segment analogous to the diversity (D) 
gene segments of immunoglobulin heavy chain 
genes. This T cell antigen receptor V gene appears 
to be assembled from three gene segments, V, D, 
and J, and accordingly most closely resembles im· 
munoglobulin heavy chain V genes. 

Introduction 

Characterization of the T cell antigen receptor has been 
an elus1ve goal of molecular immunologists for many years 
(e.g. Kra~g et al ., 1983: Kronenberg et al., 1983a, 1983b). 
The first real progress in this regard came within the last 
year when several groups produced clonally specific anti· 
bod1es that reacted w1th cell surface T cell antigen recep· 
tors (Acute et al. . 1983: Kappler et al. , 1983: Mcintyre and 
Allison, 1983; Samelson et al., 1983). These molecules are 
heterodimers, composed of two disulfide·linked polypep· 
tide chains, a and {J . The a and {J chains range in molecular 
we1ght from 42 to 45 kilodaltons in mice and from 39 to 
49 kilodaltons in man. Comparative peptide maps of sev· 
eral a chains and several {J chains demonstrate that they 
have constant and variable peptides, presumably encoded 
by distinct V and C regions {Kappler et al., 1983; Mcintyre 
and Allison, 1983). Since the constant peptides of the a 
and fJ chains are different, they are presumably encoded 
by distinct a and {J gene families. 

Recently, two groups have used differential or subtrac· 
tive screen1ng methods to isolate eDNA clones that appear 
to encode one of the cha1ns of the T cell antigen receptor 
(Hednck et al. . 1984a, 1984b: Yanagi et al .. 1984). A 
comparat1ve sequence analysiS of the human and several 
mouse eDNA clones demonstrates that they ';ontain se· 
quences similar to Immunoglobulin V, J. and C gene 

segments and their gene products have the same centrally 
positiOned disulfide bndges seen 1n the V and C regions 
of immunoglobulins. The human and mouse T cell receptor 
cDNAs are 82% homologous in their C regions. Th1s 
degree of similarity among immunoglobulins from two 
different species would suggest that both are members of 
the same gene family, and we presume the same IS true 
of the human and mouse T cell receptor genes. 

Two preliminary observations suggest that the {3 gene 
family of the T cell receptor is detected by the mouse and 
human eDNA probes. First, recent studies by Re1nherz 
and his coworkers have demonstrated that the 12 N· 
terminal amino acids of a human T cell {3 chain are identical 
with those of the translated human eDNA clone YT35 
(Acute et al .. 1984). Second, an analysis of the '251·1abeled 
tryptic peptides of the a and {J chains from mouse T cells 
suggests that only the fJ chain has a tryptic peptide 
distribution consistent wrth the translated sequences of 
the recently published mouse eDNA clone (Hedrick et al. , 
1984b: J. Kappler and P. Marrack. personal commun1ca· 
tion). We therefore believe that the human YT35 eDNA is 
derived from the /3 gene and have des1gnated sequences 
homologous to this clone Vd and Jd respectively. 

The genes encoding the T cell antigen receptors resem· 
ble immunoglobulin genes, whose structures and rear· 
rangements are well understood (Honjo, 1983: Tonegawa. 
1983). Immunoglobulins are coded for by three families of 
genes . .\, K, and heavy chain, which are located on 
different chromosomes. The genes lor light chains . .\ and 
K , have dist1nct variable (V) and jo1n1ng (J) gene segments 
that rearrange into a contiguous DNA sequence to give 
complete VL genes. Similarly, heavy chain genes have 
three gene segments. V, divers1ty (D). and J, wh1ch rear· 
range to generate v.., genes. These DNA rearrangement 
events appear to be mediated by recognition signals that 
lie immediately to the 3' side of the V gene segments, the 
5' and 3' sides of the D gene segments, and the 5' side 
of the J gene segments. These recognitiOn signals allow 
precise definition of the corresponding boundaries of these 
gene segments (Earty et al., 1980). 

We report the genomic organ1zation of the coding ele· 
ments of a human Vd gene. Usmg the eDNA clone YT35 
to screen human genom1c librar1es. we have isolated and 
sequenced the germ-line V and J gene segments that 
most likely encode the V region of YT35. The presence of 
reeognllion sequences for DNA rearrangement perm1ts 
precise definition of the 3' end of the V gene segment 
and the 5' end of the J gene segment. These gene 
segments fail to encode 14 nucleotides between the V 
and J reg1ons of the YT35 eDNA. Since a second human 
eDNA clone. YT J·2, wh1ch was isolated from the human T 
cell tumor Jurkat. contains an identical 14 nucleotides at 
the V-J boundary, it appears that this region is encoded 
by a separate gene segment Similar to the D gene seg· 
ments of immunoglobulin heavy cha1ns The germ-line V 
and J gene segments conta1n recogn1t1on sequences for 
DNA rearrangement sim1lar to the1r Immunoglobulin coun· 
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terparts. Thus the organization of the V 6 gene of the T cell 
ant1gen receptor appears to resemble most closely that of 
the immunoglobulin heavy chaJn V gene. 

Results and Discussion 

Clones Containing tJ Gene Segments of the YT35 
eDNA Clone 
We have attempted to identify the germ-line V and J gene 
segments encoding the YT35 eDNA by using stringent 
hybridization conditions with the YT35 probe to identify the 
V gene segment and with a synthetic 30-mer oligonucleo
tide to identify the J gene segment. A Soutl'lem blot of 
germ-line DNA with the full length YT35 eDNA clone reveals 
four distinct bands with a Bam HI digest (Figure 1 A). 
Separate Southern blots of human DNAs with V 6 and C6 

region probes subcloned from the YT35 ciDNA clone 
demonstrate that these bands represent four distinct V 6 

genes (2.0. 3.3. 6.5. and 23 kb) and two c6 genes which 
identify a 23 kb Bam HI band that comigrates with a V ~ 
encoding restnction fragment (Figures 18 and 1C). The V6 

gene segments of the YT35 gene family are denoted 
VIJM3., through VfJM3..1., beginning with the 2.0 kb fragment 
in the Bam HI digest (Figure 1 ). (M3 denotes Molt 3. the 
tumor from which the YT35 eDNA was originally isolated.) 
A cosm1d library constnucted from human sperm DNA was 
screened with the YT35 eDNA clone. and cosmid clones 
conta~n1ng the V ~~~<G•· V fJM3.2, and V IJM3..I. clones were iso
lated. 

To approach the question of which germ-line VIN3 gene 
segment corresponded to the V reg1on of the YT35 eDNA 
clone. we used Southern blot analyses of human germ
line DNA with the subcloned V region of the YT35 eDNA 
under stringent hybridization conditions. Only V bands 
v/!I<G, and Vf!NG.2 remained intense. suggesting that they 
are more similar to the YT35 V region than are the V fJM3.3 

and VfJM3..1, gene segments (data not shown). Restriction 
map analyses demonstrate that the V fN3.2 gene segment 

Al 8! Cl 

.. 23kb 

-. 6.5kb 

- 3.3kb 

2.0 kb 

- 1.4kb 

shares several restriction sites with the YT35 V region that 
are lacking in the VfN3., gene segment (data not shown). 
Therefore. we subcloned the V -*"3-2 gene segment and 
determined its sequence (Figure 2A). 

A C.,.containing cosmid clone was isolated from a hu
man osteosarcoma (U2 OS) DNA library. The c. cosm1d 
clone hybridized to a synthetic 30-mer DNA probe for the 
J region of the YT35 eDNA clone. The J gene segment 
homologous to the YT35 eDNA clone is approximately 3.8 
kilobases from the C6 gene. The region of the cosm1d 
clone hybridizing to the synthetic J probe was subcloned 
as a Sma 1-Pvu II fragment and 1ts sequence determined 
(Figure 28). 

A portion of the variable region sequence encoded by 
the YT J-2 eDNA clone from the human T cell tumor Jurkat 
was also determined (Figure 2C). 

The Genn·Une V Gene Segment Has Leader and 
Variable Exons 
The nucleotide and translated protein sequences of the 
germ-line V gene segment are compared to those of the 
complete V sequence of eDNA clone YT35 and to the 
partial sequence of eDNA clone YT J-2 (Figure 3). The v 
gene segment contains two exons of 49 and 295 base 
pairs. separated by an intron of 1 00 base pairs. 

The smaller 5' exon encodes a hydrophobic and un
charged sequence that is the presumed leader or s1gna1 
peptide. The larger 3' exon encodes most of the variable 
region. The processed human 13 chain has an N-terminal 
glycine residue (Acute et al .. 1984). hence the var1able 
exon encodes a V segment of 94 codons. The first half· 
cysteine residue of the highly conserved disulfide bridge 
occurs at position 21-as contrasted w1th position 22 in 
v,. regions and position 23 in VL regions. The disulfide 
bridge is comparable in size to those of immunoglobulins. 
The {3 gene exons and intron are very similar in size to the 
immunoglobulin V gene segments. although the sequence 
homologieS are quite low except for highly conserved 

23 kb 

6.5kb 

3.3kb 

2.0 kb 

1.4kb 

Figlle 1. A Bam H1 Sou1hem Blot of Human ONA 
from the 8 Cell Clone FQ Hybndozed ag<llnst me 
YT35 eDNA 

(A) A Sou1hem blOt wrth the complete eDNA The 

SIZes of the bands are •ndlcated. The 2.0. 3.3. ana 
6.5 kC bands cooespona to V ,_, . v ...,_,, v -•· 
respectrJety. The 23 kC band conta.ns both J-C 

clusters on one fragment ana v..,... on another 
tragment that comogrates wrth the J-C cluster 
fragment. (8) Southern Clot wrth the SUCCioned v 
reg.on probe unaer normal hybndtZa!lon coM•· 
!Ions (ttvee complete wasnes at 68"C wrth 3x 
SSC and !tYee washeS wrth 1 X SSC) Oc:caSlonally 
a t .4 kb band was seen. (C) Southern Clot wom 
the sutx:loned v reg.on probe unaer stnngent 
nybndiza!lon conditions (!tYee complete wasnes 
at 68"C wrth 3X SSC. !tYee washeS wrth 1 X SSC. 
and three washes wrth 0. t x SSC). 
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FIQUI'& 2. V, and J, Gene Oones and Sequencing Strategoes 

(A) A reslnctlon map of done p8H7.1B5, tl'le pUC8 sYbdone of tl'le v_. gene segnent. M8RH1 .7, M8P0.95. M81'0.98. M8PO 63. and M81'0.67 are M13mp8 
subdclne$ of tl'le v_. gene segnent and tl'le 3' ·flrokng regoon. The boxed regoon at ertl'lef end of tl'le p8H7.1B5 map rs the pUC8 vector. The abtlfev1at10ns 
tor the enzymes are as fellows: A. Ava 1: C. Cia 1: H. Hind 1: Pl. Pst 1: Pl. Pllu 1: A. AI: X. Xho H. Syntheuc pnmers utilized tor sequenc1ng are IndiCated by 
honZontal hnes. Anows llldicate the seQUenCIOg strategy. 
(B) A reslnctlon map of tl'le J, PS done.., an M13mp9 SI.Cdone of tl'le 1.0 kb Pllu 1-Sma I fragment contaiiW1g the two J, fragnents. The abtlfev•atoos lor 
the enzymes ate as fellows: S. Smal l: H. Hind 1: Pl. Pllu 1: A. Eco AI. Anows llldicate sequenong strategy. The sohd lines above the map 1ndlcate regoos 
of hytlncjzaoon wrtn the J-<egon-specific oligonuc:leobde. The dashed line llldicates lly!)ridizaoon With tne C·region·speCJhc prObe from the YT3S eDNA. 
(C) PIWtlal restnct10n map of tl'le Jtrtat eDNA done YT J-2. M8JAI. M8..F'S. and M8JH are M13mpB SI.Cdones of the V-0-J regen of the d cna~n expressed 
Dy the JUI1<at tumor cell line. The abbr8V18110ns tor the enzymes are as fOllows: AI. Alu 1: 81. Bgl 1: H . Hint 1: PI!. Pllu H. Anows 1ndicate sequenong stragegy. 
As the Jurkat done is VII1Ually odeniiCII with the YT3S eDNA done. the runbenng Wldlcated corresponds to the numbenng of the YT3S eDNA rn Figute 3 of 
Yanag. et al . (1964). 
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YT3! c:ONA .:. c:. ,:, 1~1 II~T C~l ,:. ,;, ,: .. C:~• '~' '~" ;:c: c:c ,:, ~C C~T 

, II Y Ill Q T M • II Ci 1,. [ 1,. 

TTC t;; !"' ala C.t.l &CC ATii 4TG CG~ GG& CTI '"' TTc; 

'••IIIQT••IIIGI.(I. 
ftC Til TaC &lA CAl &CC UQ l TG CGG GiGA CTG 101.10 rfG 

YT3! eDNA 

G£RIILIHE "-' · • 

YTJ·2 

t t t 

Hv2 

I.IY'"II"'YI'JOOII••!OII'S•~~~:•f'HAS'S 
CTC &tT UC TTT UoC .uc UC 1fT CCIO Ah I&T IAT TC.& Ill &TQ CCC Q&G IU.T C:Ga TfC TC& OCT A&G lof(f CC T ut GC4 Tea rfC tee 

Hv3 

--------------------------------------------------+~~-~~-~-~-~.:.~ ....... ~JO:.I:;_N:;_IN.:.:G:..._ __ _ 

TLICtG•st:••OIAYY'C&IS,STeSa"'YG• 
&CT CTI .UG &TC CAl CCC TC& IU CCC Uli lAC TCA ICT IU Tat TTC TIT CICC UC a;r TTC TCG aCC TI;T fC!; GCf UC faT GGe UC . ' ' IITCCACAGTITCC~ICTATATTd!!III!I:t uc T.t,.f GGC T~toC 

• 0 I A Y Y ' C A l S ' S T C S A "' • G Y 
UG lAC TCA ICT lfl TAC fTC TIT GCC UC Uf fTC TCII aCC TCO T TCG GCT u,f taT QGC floC 

CONSTANT ___________ ___,- -------
GEAMl.IN[ ... ~ .. TtTTTCTCCTTCTCCTTCT&CCTCCCAIC 

' ' 
' 'lltt•LtYYt:Ol• 

ace TTC liT ret ••• ace att na ace '" '" tat lAC crt aac 

T ' I I I f • l f Y Y 
•cc nc 111 ?Ct 111 ace ut na ace ur th 1 ITaaltCTIII 

f'lllf•LTYYIOl 
ace nc ttt ret 111 ace ut '" ace '" lh tat oac crt 

... 

... 
F!Qift 3. DNA SeQuences of GemH..ne V, and J, Gene Segnents and Aeln'anged V, Genes 

"" 

... 

.. 

"' 

'" .. 

The leadet. vanable. drverslly, pning. and constant gene reg>ons are ondicated. PosiiJons !hat are analogOUS to the tiYee hypervanable reg10ns of v. genes 
are 1ndlcated as Hvl , Hv2. and Hv3. Arrows ndocate the Sites of nudeollde SUbstli\JtJOns ~ germ-line and reatranged sequences. Boxes 1ndlcate 
cooons w!lh replacement Changes. 

residues at the protein level (e.g., half-cysteines at codons 
21 and 90 and a conserved sequence around the second 
half-cysteine). 

The V IJM3.2 gene segment differs by nine nucleotide 
substitutions from the YT35 eDNA (97% homology), and 
its 3' sequence is identical with that of the YT J-2 eDNA 

clone. Three of these substititions are in the leader exon 
and six are in the variable exon (Figure 3). 

Approximate ANA splicing signals delineate the 3 ' end 
of the leader exon (GT) and the 5' end of the V exon (AG) 
(Breathnach and Chambon. 1981). As w1th the genes 1n 
the immunoglobulin and major histocompatibility complex 
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gene families. RNA splicing always occurs between the 
first and second bases of the junctional codon. This RNA 
splicing pattern is another suggestion, in addition to se
quence homology, that the class I, class II, immunoglobulin, 
and T cell receptor gene families are evolutionarily related. 

The general organization of the V 8 gene segment of the 
T cell receptor is clearly similar to the organization of 
immunoglobulin V gene segments. 

One J6 Gene Segment Encodes the J Region of the 
YT35 eDNA Clone 
The nucleotide sequence of a portion of the Sma 1-Pvu II 
fragment isolated from a human c6 clone and hybridizing 
to a synthetic oligonucleotide for the J6 region of YT35 is 
presented in Figure 4A. Dot matrix analysis of this se· 
quence against the J6 sequence of the YT35 eDNA clone 
identified two homologous regions, which are denoted 
J6' ·' and J., ·2· (There are two human C6 genes denoted 
C6 , and C62. Each probalbly has its own cluster of J gene 
segments designated J61 and J62. The J gene segments 
analyzed here probalbly come from the J6, gene cluster; 
M. Malissen. S. Clarl<. andY. Yanagi, unpublished results.) 
The J6, gene segments are 48 base pairs long and code 
for 15 amino acids. They differ by 5 of 15 amino acid 
residues (67% homology) and by 21 of 48 nucleotides 
(56% homology). ~ is striking that 17 of the 21 nucleotide 
substitutions and all 5 of the amino acid replacements 
occur in the 5' half of the J6 regton (Figure 48). Additional 
analysis of J6 gene segments will be necessary to deter· 
mine whether this is a consistent pattern with possible 
functional implications. 

The J, (13 cedens; Blomberg and Tonegawa, 1982), J. 
(13 codons; Max et al., 1981 ; Hieter et al ., 1982), and J,.. 
(15 or 17 codons; Early et al .. 1980; Gough and Bernard, 
1981) gene segments are similar in size to their J6, coun· 

terparts. The two J8 gene segments are slightly more 
homologous at the protein level to J, (62%-69% homol· 
ogy) than to J. (46%-61% homology), J,. (31%-46% 
homology), or themselves (59% homology). On the DNA 
level, the 3' region of the J8 , gene segments appears to 
be more homologous to J, (66%), J. (64%-71%). and J .. 
(59%) than the 5' region is. The 5' region bears a strong 
homology to the D regions of the tmmunoglobulin heavy 
chain. The 5' region of J6 , ., (nucleotides 64-76 of Figure 
4A) shares 8 of 12 nucleotides with an immunoglobulin 
germ-lineD segment from the FL16.1 family, whtle the 5' 
region of J6, ·2 (nucleotides 200-214 of Figure 4A) shares 
11 of 14 nucleotides with Sp2.6. a D segment from the 
Sp2 family (Kurosawa and Tonegawa, 1982). As men· 
tioned albove, this 5' region also tS quite different in the 
Js, ., and J61-2 gene segments. These observations may 
have interesting implications for the evolution of D and J 
gene segments in T and 8 cells. 

The RNA splicing signals at the 3' side of these Jd gene 
segments are the canonical splice-recognition donor sig· 
nals (Breathnach and Chambon, 1981 ). The RNA splicing 
occurs between the first and second bases of the codon , 
as noted above for RNA splicing of the V gene segment. 

Possible Sometic Mutation •nd Polymorphism in T 
Cell/3 Genes 
A comparison of the nucleotide sequences of a germ-line 
V dt.G2 gene segment and its rearranged eDNA counterpart 
YT35 (Figure 3) demonstrates nine nucleotide differences 
between these genes. Three of these differences occur tn 
the first exon and six in the second exon. Two of the 
substitutions in the first exon and two in the second exon 
lead to amtno acid replacements (Figure 3). In addition, 
the YT J-2 eDNA appears to have one silent substitutton in 
the J region relative to the germ-line J gene segment. 

{ AI J,,_ , 
HTE&FF ~ QGfg .._ 

GCC&GGGCCCTC:TCCC:CTC;cuTGCCTTCA&TGTGAlii!fCi¢tmGaCCCCTG~G uC aCT Gu GCT TT~ TTT OG & CU GGC AC C &G& c~: .a. C& 

v V N G Y 

GTT GT .t. G GTUG&C&TTTTTCAGGTTCTTTTGC&G&TCCGTCAC&GGG.U.&&GTGGGTC: C &C.t.GTG TCC:C:~GCTU&rTC~T u c T.t. T GGC rae 
I I I I I 2•) 

T FGSG T R I..TYv 
&C C TTC ~GT TC:G GGG .t.CC &GG Th &C~ GTT GT& G GUAGGCTGGGG9 TCTCT AGGAGGGGTGCGAf~AGGGAGG&CTC TGTCCTGG~ au rc;rc u..&G.& G u C &G4~ A ll• 

rc CC: AGC T CCCGG&GCC&~&C TG&GGG&G&CG TC aT G T ~ & l G ... 
(8) 

-- -
Jsl-l TG AAC ACT GAA GCT TTC TTT GGA CAA GGC ACC AGA ere ACA GTT GTA G 

~ 
T E A F D a 

1: 
T R L T v VI 

y G y T 5 T R L T v Vf 
Js,.z CT AAC TAT GGC TAC ACC TTC GGT TCG GGG ACC AGG TTA ACC GTT GTA G 

I I I I I I 
F.gure 4. Nucleotide SeQuence of a Portion of the Hl.man J,, Gene Ouster 

(A) The nucleotide sequence of a portJOn of the human J,. gene cluster. The coding regKlnS are translated and the recognition sequences are boxed. 
(8) Companson of J,. ., and J,..2 sequences. The nucleotide Identities are denoted W1lh a SOlid line above the J,,., sequence. Amro aod ldenlllleS are boxed. 
The synthetiC oligonucleotide for the YT35 J regoon extendS from nucleOtJde 216 to 246. 
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These base substitutions could arise by several mech
anisms. A V ~ gene that is closely related to, but not the 
germ-line counterpart of, the YT35 V region may have 
been sequenced. The Southem blotting and restriction 
map data discussed above would argue against this pos
sibility, as does a preliminary sequence analYsis of the 
very similar v~, gene segment (E. Strauss and G. Siu, 
unpublished observations). Or these differences could 
arise as a result of polymorphism in the human population. 
The YT35 and YT J-2 eDNA clones as well as the germ
line V fJWG.2 gene were dearly isolated from the DNAs of 
different individuals. Several examples are known in im
munoglobulins of alleles that have multiple nucleotide sub
stitutions (Olio and Rougeon. 1983). Finally, some or all of 
these differences might arise by the somatic hypermutation 
mechanism known to operate in immunoglobulin genes 
(Kim et al., 1981). In this regard, it is interesting that the 
two replacement substitutions in the YT35 eDNA V region 
occur in a region analogous to the first hypervariable region 
of immunoglobulin heavy chain genes. Perhaps these 
differences are selected by antigen (Kim et al., 1981; 
Crews et al., 1981) or by the need to mutate away from 
anti-self (Jeme, 1974). 

The B Gene Family of T Cell Receptors Appears to 
Have D Gene Segments 
A comparison of the germ-line V ~ and J~ gene segments 
with the YT35 eDNA clone demonstrates that there are 14 
nucleotides in the junctional region between the V and J 
gene segments that are not encoded by either germ-line 
gene segment (Figure 3). There are three possible expla
nations for the additional nudeotides seen in the eDNA 
clones. First, these additional nudeotides may represent a 
D gene segment analogous to those found in the immu
noglobulin heavy chain gene family. We think this is the 
most likely explanation. Second, these nucleotides might 
arise from a somatic mutational mechanism similar to the 
N-terminal-region diversity postulated to be generated by 
random nudeotlde addition to the junctional endS of the 
V. D. or J gene segments-an enzymatic addition presum
ably mediated by an enzyme such as terminal deoxynu
deotidyl transferase (Baltimore, 1974; Alt and Baltimore, 
1982). This second possibility is extremely unlikely be
cause the nucleotide sequence of the eDNA clone derived 
from a separate T cell tumor is identical with that of YT35 
at 14 of the 14 bases in this region (Figure 3). The Jurkat 
T cell tumor line was derived independently and differs 
from Molt 3 in HLA haplotype (J. Falls and T. Mak, unpub
lished observations) as well as in the nudeotide sequence 
of the J region (Figure 3). It is extremely unlikely that any 
type of somatic mutational mechanism could generate 
identical sequences of 14 consecutive nucleotides in two 
independently derived V ~ genes. Third, a different germ
line V ~ gene segment might have rearranged to form the 
YT35 eDNA variable region, and this gene segment might 
be 14 nucleotides longer than the V fJWG.2 gene segment. 
This explanation appears unlikely in that the ten immune-
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globulin V gene families studied to date each have V gene 
segments of identical length. These include seven V,.. 
families (Bothwell et al., 1981; Crews et al ., 1981 ; Crews. 
unpublished data; Givol et al ., 1981; Rechavi et al ., 1982; 
Loh et al., 1983; Perlmutter et al., 1984; Perlmutter et al .. 
unpublished data) and three v. families (Seidman et al ., 
1978; Bentley and Rabbitts, 1980, 1983). Accordingly, 
even if we have sequenced a V gene segment similar to 
but not identical with the germ-line YT35 gene segment. 
both are in the same V gene family and should be the 
same length. Thus it appears likely that the extra 14 
nudeotides between the V and J regions of the YT35 
eDNA represent an additional gene segment comprising 
part of the T cell receptor variable genes. 

The DNA Recognition Sequences for the DNA 
Reem~ngements of V, end J, Gene Segments Are 
Homologous to Their Immunoglobulin Counterparts 
but Differ In Their Disposition 
Immunoglobulin genes have recognition sequences that 
presumably mediate DNA rearrangements. These se
quences lie to the 3' side of the V, to the 5' and 3' sides 
of the D. and to the 5' side of the J gene segments (Figure 
5). These recognition sequences are composed of three 
elements (Figure SA). At one end is a highly conserved 
heptamer and at the other is a somewhat less conserved 
nanomer: a much tess conserved spacer sequence of 
either 11 nucleotides (approximately one tum of the DNA 
helix) or 22 nucleotides (two turns of the DNA helix) 
separates the heptamer and nanomer elements. V-gene 
assembly always joins a one-tum recognition element to a 
two-tum element in the three immunoglobulin gene families 
(Figure 56). Two observations suggest that these recog
nition elements play an important role in DNA rearrange
ments. First, they have been highly conserved over more 

(A} 

(8} 
B cell 

VK CD ® JK 

~--=-a 

v, ~ CD J, 
~~ 

VH (G) CD 0 CD ~JH 
c::::::::F-<,.:.o.:-.~ 

CD 
turn 

~ 
turn 

T cell 

? 

Fig.le 5. Schematic Oiagam of the RecognitiOn Sequences fO< DNA 
AeMangements 111 8 Cell and T Ceil AeceptO< Genes 

(A) A model of the conserved hepr.ner and nanome< sequences W1lh t t 

and 22 nucleotide spacer saQUenCeS. 

(B) A diag.,.IIC reptesentatJon of the recognibon sognals fO< mmuno· 
giC>b1Mn •· >.. and heaVy chain genes and the fj T cetl receptO< genes. 
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than 350 million years of vertebrate evolution (Litman et 
al. , 1983), suggesting that they are highly selected for an 
important function. Second, they are strategically placed 
at precisely the points of DNA rearrangement. 

The {j gene family of T cell receptors has elements that 
are very similar to the immunoglobulin recognition se
quences (Figure 6). The V ,.,.,.2 gene segment has a two
tum recognition sequence including heptamer and na
nomer elements identical with their counterparts among 
the immunoglobulin gene families. The two recognition 
sequences for J~ gene segments are both one-tum ele
ments. The J~ heptamer is highly conserved in that it is 
identical with the mouse J>.:~ heptamer sequence. Thus the 
V ~ heptamer and nanomer as well as the J~, heptamers 
are virtually indistinguishable from those found adjacent to 
immunoglobulin genes. In contrast. the J, nanomer does 
not have an exact immunoglobulin counterpart. These 
observations suggest that the recognition mechanisms 
and enzymatic machinery for immunoglobulin and T cell 
receptor gene rearrangements are very similar. This con
tention 1s supported by the fact that T cells have occasional 
0..-J,. immunoglobulin gene segment rearrangements (Ku
rosawa et al .. 1981). This observation implies that the 
converse may also be found. DrJ~ rearrangements in 8 
cells. Obviously the DNA rearrangements in T and 8 cells 
must exhibit appropriate tissue specificity. 

The {j gene family with V. D. and J gene segments 
appears to be more similar to the immunoglobulin heavy 
chain gene family than to the light chain families. However, 
the {j gene family differs strikingly in the disposition of 
recognition sequences from the immunoglobulin heavy 
chain genes in that the J~ gene segment has a one-tum 
rather than a two-tum recognition element (Figure Sb). 
There are four possible explanations for this interesting 
difference in the disposition of recognition sequences. One 
explanation is that the {j gene family does not have D gene 
segments. and as with the immunoglobulin >. gene family, 
a V two-tum recognition sequence joins with a J one-tum 
recognition sequence (Figure Sa). This explanation would 
requ1re that identical sequences between the V and J gene 
segments in the YT35 and YT J-2 eDNA clones arise by 

somatic mutation, a seemingly unlikely possibility. The 
second explanation is that the D gene segments are of 
two types, those with one-tum recognition signals on etther 
side and those with two-tum recognition sequences on 
either side. Variable gene formation would always require 
D-D joining events if DNA rearrangements are mediated 
by one-tum to two-tum joining events as 1n 8 cells. Third. 
the D~ recognition elements may be identical with their 
immunoglobulin heavy cha~n counterparts (Figure Sb). Th1s 
organizational disposition would require a new recognition 
system for joining like recognition elements (e.g., one-turn 
D~ to one-tum J~). One attractive feature of this model is 
that it provides a mechanism by which immunoglobulin 
and T cell receptor gene rearrangements could be differ
entially controlled during development. That is, if T cells 
need a special recognition or joining systems for one-tum 
to one-tum joining, then these systems may only be turned 
on in T cells. Finally, the D8 gene segment could have 5' 
one-tum and 3 ' two-tum recognition elements. In this 
model, the basic rules for JOin1ng and recognition are 
precisely the same as those for immunoglobulin genes. In 
both the second and fourth modeis. if the {j gene family 
has D gene segments and employs the one-tum to two
tum joining rules. then additional diversity can be gener
ated in the {j T cell receptor genes by at least two distinct 
mechanisms. First, D gene segments may join to one 
another. Second. V gene segments may join directly to J 
gene segments because they have two-tum and one-turn 
recognition elements respectively. If either of these models 
is correct. the T cell receptor genes may have considerably 
more potential for diversification through combinatorial 
DNA rearrangements than their immunoglobulin counter
parts have. Resolution of these competing hypotheses w111 
require the isolation and structural characterization of germ
line D8 gene segments and their putative recognition ele
ments. 

The v8 Gene Is Simil•r to Immunoglobulin VH Genes 
The V 8 gene of the T cell antigen receptor appears to 
resemble most closely the immunoglobulin v,. gene in that 
it has three gene segments, V 8, D8, and J8, which rearrange 

VARIABLE 

V DeU 2 
VH108A 
VHI088 
v laiiCida I 
v laiiCida 2 

T:~·:~~!~~~~CC~:~~~:~:Grn· .. ... .. . . : ~~T~~~~C~!~CTTCCTT~~G~~: 
. . T.ACCA .. GG C. GAG ...... . ... A ... AAG .. GCAG . AAGG . GC ... GAG .. . 
CATGTGTAG . TGGGGAAGTA . AT A .. .. CA . T G . . ACAGT .. CA . AA .. A. CACT . 
CATGTGTAG.TGGGGAAGTA . AA ... . CA . T G .. ACAGT . . CA .. A. CAT .. 

JONING 

J oau l·t 
J DeU 1· 2 
J laiiCida 1 
J laiiiOda ~ 
J laiiCida 2 
J laiiCida 3 

Figure 6. A Companson of the Aecognlbon SeQuences of T Cal Gene Segmenls wittl Thew B Cel CoU'It8flliVIS 

The recognlbon sequences are boxed. v. and v, denOte mmunoglobin heavy and>. recognition sequences. 
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Et.IBRYO DNA 

T-CELL DNA 

T-CELL mRNA 

c, 
Figure 7. A Oiagammatic Rapr~ at the Gene $egnent3 and DNA RM~Ta~ogements and ANA PrOC8SSing Events Necessary for the ExpresSIOO of the 
fJ mANA of the T Cell Antigen Receptor 

The c, gene haS lhree ll11ronS wnocn.,. not indicated (Malissen, l.f'IPUblshed observations). 

to generate a contiguous V 6 gene (Figure 7). In addition, 
the {J polypeptide is an integral membrane protein like its 
immunoglobulin heavy chain counterpart and in contrast 
to the immunoglobulin >. and ~ chains. The fact that the V 6 

gene has three genetic elements that presumably can 
rearrange in a combinatorial manner provides the V 6 gene 
wrth combinatorial diversification potential equal to that of 
v ... genes and greater than that of VL genes. In addition, 
V 6 genes may have still greater diversificiation potential 
through D,.-06 or V ,-J6 joining alternatives. In this regard, 
it will be interesting to determine whether the T cell receptor 
a genes also employ three rearranging elements. 

t.ol8tlon of Qerm.Une ac... 
Genomic 1ibr1nes of ho.rnlln sperm DNA and at DNA from the tunan 
osteosarcoma U2 OS were constructed by A. Winolo and L Fors u 
priMOUSiy descnbed (Sieonmetz 81 al .. 1982). T'-librwiel were~ 
wrth the complete YT35 cONA probe (Yanago 81 11 .. 1984) usono the 
procecUe of StiiiiY!leiZ 81 11. ( 1982). 

teoldon of cONA CloMe 
A eDNA lbrwy from mANA isolated from the Jlrta! llmor line wu 
constructed and cloned nto the Pst 1 Site of pBA322 and sa-.::1 with 
the YT35 cONA probe aa:ording to the pro!OCOl of YINQI8111. (1984). 

~ic Blot ltybridlzatlone 
Ten mocrograms of DNA from hunan sperm and 10 110 from a B eel line 
from the done FO were digeSted with res1rictlon enzymes and subjected 

to electrophoresis on hOrizontal agwose Slab gelS. Attar denatlnbon and 
neutralization. the DNA was transferred to nitroceilUose paper. Hybndiza
tJOns were earned out at 68"C on a SOlution of I M NaO. 0.05 M Tns·HCI 
(pH 7.5), 0.1% NaPPi. 0.1% SOS. lOX Denhowdl's solution, 150 ,.g/rrl 
salmon sperm DNA, and 0.5 ,.g nid<·translated "'P4Mleied YT35 probe 

(I 5-2 x 10' df;xn/~g) . Prehytlridizatlon of the filter on hybridizabon buffer 
was earned out tor 3 hr at 68"C. HybnQZabonS were earned out for t 5 to 

20 hr at 680C. Following hybridization. the titters were washed three times 
in 1'1o!11-saft wash buffer (3X sse. 0.1% SOS) and three tJmes rn low·salt 
wash buffer (IX sse. 0.1% SOS). Each wash was earned out for 30 m1n 
at 680C. Fjters were exposed tor 24 hr at -70"C wrth an lfltenslfylng 
saear'l. 

DNA 14 t :' 1 Iiiii! and Restriction Mapping 
Restnc11on fragments contaonong the V and J genes were subcloned 1nto 
the plastrnd pUC8 (VieWa and Messing, 1982) and further sUOdOned 1nto 
phages Ml3mp8 or M13mp9 (Messing and Vietra. 1982). Restnctlon map 
analyseS were earned out usong songle and double digests of rnlrequent · 
cuttong enzymes on the subclones. 

DNA Sequa ldl~g 
The J,. tragment was sequenced according to the method of Maxam and 
Gilbert (1980). The V regoon sequenong was earned out usong the Sanger 
method (Sanger 81 al. , 19n) as modified by E. Strauss (unpubliShed 

re5lits). Oideoxy sequencr'IQ on the M13mp8 cloning vector was earned 
out usong bottl the standWd prmer and specific Oligonucleotide pnmers 
synthesized by Dr. S. Horvath (Horvath et al., submrlted). All DNA sa
~ were sequenced on both strandS. 

The authc:n lhrok Drs. E. Reonharz. J. Kappler. and P Mamlck tor mak1ng 
available expermental resuts pnor to publtcallon. Dr. Suzanna Horvath tor 
the syn1hebC ologonudeolldes. Lance Fors and Dr. W1n0to tor the cosmld 
libranes. and Trn Hlri<apilar and Drs. Joan Kooon. 11.1itchetl Kronenberg. 
and Roger Perlmutter for heiptu adv1ce and discussions and tor cntiCal 
reading of the men1JS0'11)1 . The authc:n WOUld also like to thank Debbte 
Maloney tor excellent technical asSIStance, the people at the GraphiC Arts 
fPty and the photo labs tor excellent. efficient work. and the secretanal 
staff of the DMslon of Biology at California lnSIJMe ot Technology tor 
~ preJ*Btion of the~. 

The costs of publication of thiS ar1iCie -~~ defrayed on part by the 
payment ot page cn.ges. This ar1iCie must lllerefore be hereoy man<ed 
'·advemsemenf ' in accordance wrth 18 U.S.C. Section 1734 solely to 
indicate tl'os tact. 

Recerved April 13, 1984 
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The T -cell antigen receptor consists of two chains, denoted a and 6, each of 

which is composed of a variable (V) region and a constant (C) region. The genes 

that encode both the a and 6 chains show extensive homology to the genes that 

encode the B-cell receptor, the immunoglobulin ( 1, 2). Each is encoded by two 

genes: a V gene of approximately 360 bp and a C gene of approximately 500 bp (3, 

~). The gene that encodes the V region of the 6 chain consists of three gene 

segments, V 6, D 6, and J 6, that are joined together during T -cell development to 

generate the complete V 6 gene (5, 6). The V a gene segment encodes the first 280-

300 bp, the 0 6 gene segment the next 5-10 bp, and the Ja gene segment the final 

~5-51 bp of the V a gene (5-11). Recognition signals that mediate immunoglobulin 

V gene rearrangement appear to mediate V a gene rearrangement as well. These 

signals consist of conserved heptamer and nonamer sequences that are separated 

by a variable spacer sequence of either 12 bp or 23 bp (5, 6). 

Immunoglobulin V gene segments are grouped into subfamilies of closely 

related gene segments. Each subfamily has from four to over 50 members, each 

member 7596 or more similar at the DNA level to the other members (12-1~). In 

contrast, the V a gene segments in mouse appear to consist of many single or low 

copy subfamilies. Of the V 6 gene segment subfamilies analyzed in mouse to date, 

twelve contain only one member, and two contain three members {15-17). 

Analyses of the V a coding regions have revealed that the V 6 genes appear 

to be very similar to immunoglobulin V genes. Hypervariability plots of the V a 

genes reveal patterns not unlike those of the VH and VL genes; analyses of the 

beta-strand-forming potential and the relative hydrophobicity of the V a regions 

have also shown them to be very similar to immunoglobulins (15-17). We were 

interested in analyzing the coding and flanking regions of the germline V a gene 

segments in order to see if these gene segments resemble immunoglobulin V genes 

in their germline structure. In addition, we were interested in studying the 
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germline organization of the V 6 gene family. We have used as a model system the 

V sMJ subfamily, a human V 6 gene subfamily of five members that represents the 

largest V 8 subfamily studied to date. The members of this subfamily were 

identified by their similarity to the V 6 region of the YT35 eDNA (3). We have 

isolated cosmids and lambda clones containing the five members of this family and 

each was further characterized by subcloning and sequence analysis. 

Materials and Methods 

Genomic Blots. Genomic blots were carried out as previously described 

(18, 19). DNA probes for the hybridizations were labelled with 32P utilizing the 

protocol of Rigby et al. (19). Hybridizations were carried out at 68°C for 24 h. 

After hybridization, the filters were washed three times with 3X SSC for 20 min 

each followed by three washes with lX SSC for 20 min each, at 68°C. The filters 

were then exposed to Kodak XAR-5 film overnight at -70°C with an intensifying 

screen. 

Construction and Screening of Genomic Libraries. A human sperm cosmid 

library was constructed by Lance Fors (unpublished), and screened as previously 

described ( 19). Partial lambda libraries were constructed into the vector A.gt7lac5 

and screened as described (21). 

Restriction-endonuclease Mapping. Mapping of different restriction 

endonuclease sites was accomplished using single- and double-digests of different 

enzymes and comparing them to each other. In addition, a novel restriction

endonuclease-mapping technique (Y. H. Sun and L. E. Hood, in preparation) based 

on the technique of Smith and Birnsteil (22) was utilized. This technique depends 

on the presence of a Sal I, Cla I or Nru I site present in the cloning vector and not 

in the insert DNA. In our case, the cosmid was digested with Sal I to completion, 

phenol-extracted, ethanol precipitated, and resuspended to a final concentration 
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of 100 ng/~1. 200 ng aliquots of the cosmid were then digested with different 

concentrations of a certain enzyme, that would permit partial, but not complete 

digestion. A range of the partial-digestion reactions was taken and pooled, and 

80 ng of the sample was then subjected to electrophoresis on two sets of 0.6% 

agarose horizontal slab gels, the first for 300-400 volt-hours, the second for 1.8-

2X as long. The gels were run in an electric field of 1.7 volts/em to permit good 

resolution. After electrophoresis, the gels were denatured, neutralized, blotted 

with nitrocellulose and the nitrocellulose baked as described above. Two synthetic 

oligonucleotide hybridization probes corresponding to the regions of DNA on 

either side of the Sal I site in the cosmid vector were used for screening. The 

oligonucleotides were labelled with 32P using polynucleotide kinase according to 

the protocol of Maxam and Gilbert (23), and hybridized separately to each set of 

filters and the filters washed three times in 3X SSC at 68°C for 15 min each. The 

filters were then exposed to x-ray film overnight. The probes will hybridize to 

each partial-digestion product that contains the vector sequence adjacent to the 

Sal I site on one end and a recognition site for the restriction enzyme tested on 

the other end. The hybridization will result in a ladder of bands, each 

corresponding to a different restriction enzyme site in the clone. In this manner, 

the restriction sites for each restriction enzyme were mapped with respect to the 

Sal I site of the vector. Both oligonucleotides were necessary in order to 

accurately map all of the restriction sites in the clones. 

Subcloning and DNA Sequencing. Subcloning was carried out using the 

procedures described previously ( 19). Sequencing was carried out using the 

dideoxynucleotide sequencing technique as described by Strauss et al (24). 

Results 

Isolation of genomic V 8 Clones. A V region-specific probe was isolated 
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from the YT35 eDNA clone. With this probe, five hybridizing bands were detected 

on a genomic blot of human DNA at high wash stringencies (Fig. 1). These five 

bands corresponded to five different V 13 gene segments, which were called V aMJ-

0, V aM3-l' V aMJ-2, V aMJ-J' and V aM3_4• A cosmid containing the V aMJ-l and 

V aMJ-2 genes was isolated; the V aMJ-2 gene segment was subcloned and 

characterized previously (6). From the same human cosmid library, two additional 

overlapping cosmids were isolated that contained the V aMJ-4 gene segment. In 

order to isolate the remaining members, partial libraries were constructed using 

the Agt7lac5 vector from DNA from the same individual and screened using the V

region-specific probe. Figure 2 shows the restriction maps of the three cosmids 

and the two lambda clones that contain all five members of the V aMJ family. The 

cosmid H7.1 contains the V aMJ-l and V aMJ-2 gene segments, the cosmids H9.1 

and Hl8.1 contain the V aMJ-4 gene segment, the lambda clone ABM3-0 contains 

the V aM3_0 gene segment, and the lambda clone ABM3-3 contains the V aMJ-J 

gene segment. A total of 38 kb around the V aM3_1-v aM3_2 cluster, 40 kb around 

V aM3_4, 9 kb around V aM3_0, and 4.3 kb around V aM3_3 have been cloned. In 

order to determine if additional V 13 gene segments homologous to the YT35 V

specific probe are present on these clones, the cosmid and lambda clones were 

digested with restriction enzymes and blotted to nitrocellulose filters filters were 

then hybridized to the V region-specific probe and washed under low stringency 

conditions. No hybridization of the V region-specific probe was observed in the 

flanking regions (data not shown). The five members of the V aM3 subfamily were 

identified by restriction mapping, subcloned, and the coding and flanking regions 

sequenced and analyzed (Fig. 3). 

The V aM3_0 gene segment is 77.8% homologous to the V region-specific 

probe at the DNA level. The coding region contains an in-frame stop codon at 

amino acid position 51 (Fig. 4); it is probable, therefore, that V aMJ-O is a 



115 

pseudogene. The V sM3-l gene segment is identical to the hybridization probe. 

The V sM3_2 gene segment was isolated and characterized earlier and is located 

3 kb 3' to the V sM3_1 gene segment. The V sM3_3 gene segment is 82.1% and the 

V sM3_4 gene segment is 79.2% similar to the hybridization probe. The V sM3_4 

coding region contains an in-frame stop codon at amino acid position 64 (Fig. 4). 

Like V sM3_0, this gene segment is probably a pseudogene. 

Each of the members of the V sM3 family has all of the characteristics of a 

germline V 6 gene segment. The V sM3 gene segments consist of two exons, one of 

46 bp that encodes most of the leader sequence, and the other of approximately 

297 bp that encodes the remainder of the leader as well as the variable region. 

These exons are split by an intervening sequence of approximately 100 bp; this is 

similar in size to immunoglobulin V gene introns, although the identification of 

larger introns in other V 6 gene segments indicates that the size of the intron is 

variable. Comparison of the translated germline sequences with the N-terminal 

protein sequence of a a-chain utilizing V sM3_1 from the REX tumor indicates that 

the N-terminal-most residue is the glycine located 20 amino acids from the 

conserved cysteine (Fig. 4) (25). The intron, then, divides the leader at codon 

position -5 (Fig. 3). This differs from immunoglobulins, where the intron splits the 

leader at the codon position -4 for both light and heavy chains. 

Sequence Comparisons. The sequences of the five gene segments and 

flanking regions were subdivided into five functionally distinct regions and 

compared with one another (Table I). The V sM3_1 and V sM3_2 gene segments are 

the most similar in both coding and flanking regions. In all, these two gene 

segments exhibit 93.9% and 97.7% sequence similarity in the two coding exons, 

and 94.3%, 95.2%, and 97% in the 5' and 3' flanking regions and the intron, 

respectively (Table I). Additional sequence analysis has revealed that this 

similarity extends for a total of at least 1.5 kb in the 5' and 3' flanking regions 
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(data not shown). Comparisons of the other V aMJ gene segments to V aMJ-l and 

V sMJ-Z indicate that they are significantly less similar. In general, the coding 

region appears to be the most conserved and the flanking and intron regions less 

so. V aMJ-3 is similar to the others only in the coding regions and in the 

immediate 3' flanking region. With the exception of a conserved 16 bp sequence, 

there appears to be little or no sequence similarity in the 5' flanking region. 

V aM3_0 is fairly similar in both the coding and the flanking regions to V sM3-l' 

V aMJ-2 and V aM3_4• The 5' flanking region of V aM3_0 contains a 27 bp direct 

repeat of a sequence that is found in one copy in the flanking regions of V aMJ-1' 

V aM3-2 and V aM3-4• The repeats are located adjacent to each other, separated 

by one base pair (Fig. 3). 

Mutation frequencies. As mentioned above, the coding regions appear to be 

more conserved than the flanking and intron sequences. This would indicate that 

selection pressure that acts to maintain the coding region sequence may exist. In 

order to study this possibility, we have analyzed the mutation frequencies and 

rates for the coding regions of the members of the V sMJ family using the method 

of Kimura (26) (Table II). In this method, the number of mutation events that 

occurred between two similar sequences are counted and separated into different 

groups. In one case, the mutations that resulted in replacements in the amino acid 

sequence (replacement-site mutations) and those that did not result in re

placements (silent-site mutations) were separated. In the other case, the 

mutations in the different parts of each codon were separated; thus, all the 

mutations that occurred in the first, second and third position of each codon were 

tabulated separately. The mutation frequencies were then calculated using the 

Kimura equation, and the mutation rates were calculated using the equation 

K = 2kT 
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where K is the mutation frequency, k is the mutation rate, and T is the divergence 

time (27). In each comparison, the mutation frequency in the replacement-site is 

much lower than the frequency in the silent site. The ratio of replacement-site 

mutation frequency over the silent site mutation frequency, K A/K5, ranges from 

0.19 to 0.29 for the functional genes, which is comparable to that of other 

eukaryotic genes. The KA/Ks ratio for the comparisons with the pseudogenes, 

however, ranges from 0.33 to 0.41. 

The Human V 8 Gene Family. Comparison of the V aM3 subfamily with other 

human V 8 genes indicates that, as in the murine system, the V 8 gene family is 

quite diverse (Fig. 4). The most divergent human V 8 genes, MOL T4 (28) and HPB

ALL (29), differ from each other by 67% on the DNA level and 74% on the protein 

level (Table III). Interestingly, the V 8 gene segment utilized by the HPB-ML T 

tumor (30) exhibits sequence similarity to the V aM3 family. This V 8 gene differs 

by only 29% and 39% on the DNA and the protein levels, respectively, to 

V aM3_1• Because of the lesser similarity, this V 8 gene segment is not detectable 

on a genomic blot under high wash stringencies, and therefore was not detected 

earlier. 

Discussion 

The V aM3 Subfamily. The human V aM3 subfamily consists of five members 

that were identified by hybridization of a V region-specific probe from the YT35 

eDNA to a genomic blot of human DNA. The V aM3 subfamily is larger than any of 

the murine V 8 gene subfamilies characterized to date and is the size of some 

immunoglobulin V gene families. A monoclonal antibody that binds to V 8 regions 

encoded by the gene segments of this subfamily was shown to bind to 2% of human 

peripheral blood T lymphocytes, and was found to bind to T cells of both the T4+ 

and T8+ phenotypes as well as separate T H' T K' and T 5 populations, indicating 
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that some of the gene segments in this subfamily can be used in all classes of T 

lymphocytes (31). Interestingly, a T H clone identified by this antibody as using a 

V sM3 family member (in the nomenclature of Acuto et al. (31) V 13 REX) has 

subsequently been found to rearrange the 2.0 kb Eco RI V sMTcontaining 

restriction fragment (Fig. 1). Thus, this T H clone probably utilizes V sM3_2 in the 

s chain of its T-cell receptor. In addition, the V sM3_1 gene segment is identical 

to the V 8 regions of the YT35 and JM cDNAs, indicating that V sM3_1 is the 

germline gene segment used in the a-chain of the T -cell receptor of the MOLT -3 

(3) and JM (32) tumors. This also indicates that somatic hypermutation has not 

occurred in the beta-chain gene in these tumors. This is consistent with other 

studies, in which comparisons between the germline gene segments and the 

rearranged V 8 genes have shown no evidence for somatic hypermutation and 

implies that somatic hypermutation does not occur in the 8 chain (5, 33). 

Structure and Diversity of Human V 8 Gene Segments. Analyses of the 

V 8M3 subfamily members and comparisons with other human V8 gene segments as 

well as all the other V gene segment family members have identified many amino 

acids that are conserved both sequence and position in all V gene segment coding 

regions. Previous structural analyses of immunoglobulins have identified conserved 

interactions that are believed to be important in the structure of the variable 

region; in most cases these interactions appear to involve these conserved amino 

acids (34-36). Of the five conserved amino acids that are believed to be important 

for the interaction of the V H and V L regions, four are conserved in the V 8 region. 

These include the tyr 34, the gln 36, the leu 45 (Fig. 4) and a phenylalanine in the 

J 8 region (not shown). The tyr 34 and the phe in the J gene segment are conserved 

in light chains, the leu 45 is conserved in heavy chains, and the gln 36 is conserved 

in both. Other conserved amino acids that are believed to be important for V H or 

V L the stabilization of the domains are conserved in the V 8 region as well. These 
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amino acids include glu 4, pro 6, gly 16, cys 21, trp 33, leu 77, tyr 90, cys 92, and 

ala 93. Analyses of the V a regions have shown that most of these conserved amino 

acids are also present in V a regions. Taken together, these data imply that a V a

V 8 heterodimer will be similar in tertiary structure to the immunoglobulin VH-V L 

binding site. 

Despite these conserved amino acids, the human V8 gene segments can 

differ from each other considerably. Comparison of the V 8M3 subfamily members 

with other human V 8 gene sequences show that the human V 8 gene segments can 

differ by as much as 67% and 74% on the DNA and protein levels, respectively. 

This is comparable to the diversity observed in the murine V 8 gene family, where 

gene segments can differ by 62% and 72% on the DNA and the protein levels, 

respectively (15-17). This indicates that the range of diversity in germline human 

V 8 gene segments is equivalent to that of their murine counterparts. 

Interestingly, the V 8 gene segment utilized by the HPB-MLT tumor (30) shares 

significant homology with the members of the V 8M3 family. This V 8 gene segment 

shares the most homology with the V 8M3_1 gene segment to which it is 71% and 

61% homologous on the DNA and protein levels, respectively. These data indicate 

that, like the immunoglobulin V gene families and the murine V a gene family, the 

human V 8 gene family may consist of multimember gene subfamilies that are 

somewhat homologous to each other. This is supportive of the theory that the V 

gene families were created by successive duplication, generated by mechanisms 

such as unequal crossing-over events (37). This theory predicts that the V genes 

will exhibit a continuum of homology, ranging from recently-duplicated and 

therefore closely-related genes, to genes that diverged so long ago that they 

retain only the homology imposed by V region structure. This is clearly seen in 

the human V 6 gene family. In contrast, the murine V 8 gene family consists of 

mostly single-member subfamilies that share little homology to each other (15-
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17). The significance of this difference, if any, is unknown. 

Analyses of the DNA sequences of the flanking regions of the members of 

the V aM3 subfamily have identified several sequences that resemble eukaryotic 

sequences. Eukaryotic promoter sequences generally include an A/T rich region 

with a canonical A TA sequence called the TATA sequence that is usually found 

21-23 bp 5' to the initiation point of transcription, and the sequence CCAAT that 

is found 5' to the TA TA sequence (38). For the V aM3_1 and V aM3_2 gene 

segments, TAT A-like sequences are located 25 bp and 89 bp 5' to the methionine 

codon of the leader. This may indicate that there are multiple initiation points 

for transcription for these gene segments. The V aM3_4 gene segment has only the 

position 89 TAT A-like sequence, whereas the V aM3_0 gene segment does not 

appear to have the canonical AT A sequence in its 5' flanking region although an 

A/T -rich region is present in a similar position as the TATA sequences of the 

V aM3-i' V aM3-2 and V aMJ-4 gene segments. In addition, a sequence that 

somewhat resembles the canonical CCAAT sequence is located 34 bp 5' to the 

T A TA sequence (Fig. 3). 

Analyses of the 5' flanking regions of other germline T -cell receptor V gene 

segments show that many appear to have similar promoter-like sequences. The 

murine V 81 (39) gene segment and the V Y (40) gene segments have the consensus 

TATA sequences. Interestingly, these gene segments also appear to have the same 

CCAA T -like sequence as the V aM3- 1' V aM3_2, V aM3_4 and V aM3_0 gene 

segments. This sequence, TGGCCCATTC, includes additional sequences that are 

not part of the classically-defined CCAA T sequence. Other murine V 8 gene 

segments, however, do not appear to have promoter sequences in the immediate 5' 

flanking regions. Both the murine V 82 and V 814 gene segments do not appear to 

have either TAT A sequences or this additional sequence, and yet are expressed in 

functional T -cell lines (M. Malissen, unpublished data). It is possible that the 5' 
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untranslated regions of these gene segments are longer, or an intron exists within 

this region. As with the V 82 and V 814 gene segments, the V 8M3_3 gene segment 

does not have promoter-like sequences; the only conserved portion between 

V 8M3_3 and the other members of the V 8M3 subfamily is a 16 bp sequence located 

90 bp 5' to the initiation codon, and 15 bp 5' to the TAT A-like sequence. Its 

significance, if any, is unknown. Immunoglobulin V gene segments have an 

additional region of transcription control located just 5' to the TAT A sequence, 

known as the octamer sequence; none of the V 8 gene segment flanking regions, 

however, has these sequences. Additional data are necessary to conclusively show 

if T -cell receptor-specific promoter sequences exist. 

Analysis of the V 8M3_3 gene segment indicates that the V coding region 

and the immediate 3' flanking region appears to be far more similar to the 

homologous regions in the other V 8M3 subfamily members than the intron and 5' 

flanking region (Table I). Although this comparison includes the V coding region, 

which is probably under selection pressure (see below), comparable numbers are 

observed if only noncoding sequences are considered. The reasons for this 

asymmetry in similarity are not known, as both the 5' and 3' flanking regions do 

not represent coding regions and therefore should not be subjected to selection 

pressure at that level. The similarity appears to begin at the middle of the intron 

(position 410 in Fig. 3) and end 110 bp 3' to the gene segment. The similarity 

within this region between V 8M3 subfamily ranges from 71.2 to 77%, while the 

similarity in the other regions ranges from 46.3 to 50.9% (Table I and data not 

shown). Although the heptames and nonamer sequences of the rearrangement 

recognition signals are present in the immediate 3' flanking region, these 

sequences are too small to significantly alter these calculations. It is tempting 

to speculate that this asymmetry is the result of a gene conversion event that 

corrected the immediate 3' part of the intron, the V coding region, and the 3' 
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flanking region of the V 6MJ-J gene segment. Similar gene conversion events have 

been proposed in the immunoglobulin V gene families (44). 

The 3' flanking region contains the recognition signals for DNA 

rearrangement necessary for the variable region gene formation. As with all V 6 

gene segments the V 6M3 subfamily members have recognition signals with spacer 

lengths of 23 base pairs (Fig. 3). 

V 6 Gene Evolution. Analysis of the members of the V eM3 family indicates 

that the coding region is the most highly conserved. The V 6MJ-l and V 6M3_2 gene 

segments are the most similar, indicating that one arose from the other during a 

recent gene duplication event. The others are approximately equidistant from 

each other in sequence similarity. Analysis of the silent-site mutation frequency 

indicates that the members of the V 6M3 family, with the exception of V eMJ-l and 

V 6M3_2, diverged from each other greater than 100 million years ago, prior to the 

mammalian divergence. This calculation assumes that the silent-site mutation 

rate is 5.1 x 10-9 /site•yr, which is believed to be approximately the same for all 

genes (27). Analysis of the mutation frequencies in the replacement sites show 

that the replacement-site mutation frequency is much lower than the silent-site 

frequency. The ratio of replacement-site mutation frequency to silent-site 

mutation frequency provides a method in which to quantitate the rate at which 

two homologous genes are diverging from each other (27). This ratio ranges from 

0.19 to 0.41, but from only 0.19 to 0.29 if comparisons of the functional gene 

segments are considered. This is much lower than that found in immunoglobulin 

VH gene segments (G.S., S. Crews, E. Springer, H. Huang, and L.E.H., in 

preparation), and approximately equivalent to that of most other eukaryotic genes 

(27). In comparing the mutation frequencies in the three positions of the V 6 

codons, it is apparent that the lowest mutation frequency is in the second position, 

and the highest mutation frequency is in the third position. This is similar to 
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other genes, and is due to the fact that the second position of the codon has no 

silent sites, and the third position of the codon has the most silent sites (45). In 

addition, mutations in the second position are more likely to result in 

nonconservative replacements; that is, amino acid replacement changes in the 

second position result in greater changes in the physical properties of the protein 

(45). These data also contrast with the VH gene segments; there, the lowest 

frequency is in the first position, and the second position is consistently higher 

than the third position (G.S., S. Crews, E. Springer, H. Huang, and L.E.H., in 

preparation). 

A murine V 6 gene segment homologous to the V 6M3 subfamily was recently 

identified in a 6-chain eDNA isolated from a mouse spleen eDNA library ( 17). 

Unlike the human subfamily, the munne V 6M3 subfamily is a single-gene 

subfamily ( 17). This gene segment, denoted V 611 (2), is most closely related to 

V 6M3_2 (Table II). The mutation frequencies in the amino-acid-replacement- and 

silent-sites and the three codon positions were calculated between these two gene 

segments (Table I). Like the other comparisons between the functional members 

of the V 6M3 family, the KA/Ks ratio and the relative values of K 1' K2 and K3 are 

similar to other eukaryotic genes, indicating that selection pressure is acting to 

maintain the coding region sequence. Using the KA and assuming that humans and 

mice diverged at mammalian radiation (85 million years ago), the mutation rate in 

the amino-acid replacement site is 1 x 10-9/site•yr, which is comparable to the 

mutation rates in 6-globin genes, 1.13 x 10-9/site•yr (46), and less than that of 

IFN-a, 2.1 x 10-9 /site•yr. Analyses of a large number of different eukaryotic 

genes have indicated that most have amino-acid replacement-site mutation rate in 

the range of 0.2-2.0 x 10-9 /site•yrs (48). Previously, studies involving murine V 6-

specific hybridization probes showed that homologous V 6 gene segments could not 

be detected in species that were closely related to the mouse, even though it was 
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possible to do so with murine immunoglobulin V probes. It was therefore proposed 

that V 
6 

gene segments were mutating more quickly than immunoglobulin V gene 

segments. Our data, however, are inconsistent with this theory, and indicate that 

the V 6 gene segments are diverging at the rate of most eukaryotic genes. 

V 6 Pseudogenes. Two of the five members of the V sMJ family, V sMJ-O and 

V sMJ-4, are pseudogenes in that they share significant homology with a functional 

gene, but have mutations that would prevent their expression. Both have in-frame 

stop codons that would prevent translation of a variable region gene that utilizes 

one of these gene segments. Interestingly, analyses of the mutation rates in the 

two pseudogenes show that although they are mutating faster than the functional 

members of this family, the difference is not statistically significant (Table I). 

This implies that both V sMJ-O and V sMJ-4 have become pseudogenes fairly 

recently, and therefore have not yet accumulated many mutations in the 

replacement sites. Consistent with this is the observation that the in-frame stop 

codons are the only crippling mutations in these gene segments; pseudogenes 

usually acquire many crippling mutations over time since there is no selection 

pressure to inhibit this process. The somewhat slow mutation rate m the 

replacement site of pseudogenes is similar to what is observed in the 

immunoglobulin T 15 VH subfamily. In this case, a recently-created pseudogene 

does not appear to be mutating faster than the functional gene segments in this 

subfamily, even though the pseudogene has several crippling mutations (G.S., S. 

Crews, E. Springer, H. Huang, and L.E.H., in preparation. 

The presence of two pseudogenes in a subfamily of five members indicates 

that the proportion of pseudogenes in the V 6 family may be very high, perhaps as 

high as that of the immunoglobulin V gene families, in which perhaps 25-30% of 

the members are nonfunctional. In addition, V 6 pseudogenes have been identified 

in 6 chain cDNAs isolated from murine and human thymus eDNA libraries (17, P. 
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Concannon, L. Pickering and L.E.H., in preparation ). The high proportion of 

pseudogenes in the V gene families indicates that the generation of germline 

diversity results in a large number of nonfunctional gene segments. 

Chromosomal Organization of V 8 Gene Segments. Characterization of the 

genomic clones containing the five members of the V BM3 family indicates that 

two of the five members, V BM3_1 and V BM3_2, are only 3 kb apart. As mentioned 

above, these two gene segments are most homologous to each other, and are 

probably the result of a recent gene duplication event. The other members of the 

family, however, do not appear to be as closely linked. V BM3_0 was isolated on a 

9 kb Eco RI fragment that does not overlap with any of the other clones. V BM3_3 

was isolated on a 4.3 kb Eco RI fragment; it, too, does not overlap with any of the 

other clones. V BM3_4 was isolated on two overlapping cosmids; there is a total of 

35 kb of 5' flanking DNA, and 6 kb of 3' flanking DNA. The V aM3-1-V BM3-2 

cluster was isolated on one cosmid along with 29 kb of 5' flanking DNA and 5 kb of 

3' flanking DNA. Using the V-region probe, we were unable to detect additional, 

less-homologous V 8 gene segments on these clones. Variable spacing distances are 

also consistent with what is observed for immunoglobulin V gene segments. An 

analysis of the T 15 subfamily of V H gene segments reveals that the average 

spacing distance is approximately 23 kb, and ranges from 16 kb to greater than 

60 kb (S. Crews, E. Springer, and G.S., unpublished data). The significance of the 

larger spacer distances is unclear. This organization is different from that seen in 

the rRNA families, which are characterized by short spacers of similar length 

(49). It is believed that the high homology in the rRNA families is maintained by 

frequent gene conversion events that are mediated by the already-existing 

extensive homology. V gene segments are characterized by diversity, and the 

occurrence of gene correction events could be detrimental towards the 

maintenance of a diverse repertoire. It is possible that the large distance between 
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homologous V a gene segments may tend to reduce the frequency of gene 

correction events in order to maintain V a diversity. Alternatively, the large 

spacer distances may be the results of genetic events that either created the gene 

segments from a common ancestor or occurred subsequently. 

Our characterization of the V aM3 subfamily reveals that the structure and 

organization of the human V a locus is extremely similar to that of the immuno

globulin V gene loci. These similarities underscore the close structural and 

evolutionary relationships between immunoglobulins and the T -cell antigen 

receptor. 

Summary 

We have isolated five germline V a gene segments that are homologous to 

the V region of the YT35 eDNA encoding the a-chain of the T -cell antigen 

receptor of the tumor MOLT -3. One of these gene segments is identical to the 

YT35 V region and therefore is the germline V 8 gene segment that in part encodes 

the variable region of the YT35 eDNA. The other four members range from 

77-98% similar to the YT35 V region. Analyses of the coding region sequences 

reveal that although the V 8 gene segments are very diverse, they are mutating at 

a rate comparable to that observed in most eukaryotic genes. Analyses of the 

genomic clones show that the spacing distance between germline V a gene 

segments ranges from 3 kb to greater than 30 kb. 

Acknowledgments 

We would like to thank Dr. Suzanna Horvath and Marilyn Tomich for 

providing synthetic oligonucleotide primers. We would also like to thank Drs. 

Richard Barth, Patrick Concannon, Joan Kobori, and Mitchell Kronenberg for 

helpful discussions and critique of the manuscript. Finally we would like to thank 



127 

Connie Katz and the other members of the secretarial staff at the Division of 

Biology at Caltech for preparation of the manuscript and the arrow-through-the

head. 



128 

References 

1. Davis, M. M., Y.-H. Chien, N.R.J. Gascoigne, and S. M. Hedrick. 1984. A 

murine T -cell receptor gene complex: Isolation, structure and 

rearrangement. lmmunol. Rev. 81:235-258. 

2. Kronenberg, M., G. Siu, L. Hood, and N. Shastri. 1986. The molecular 

genetics of the T -cell antigen receptor and T -cell antigen recognition. Ann. 

Rev. lmmunol., in press. 

3. Yanagi, Y., Y. Yoshikai, K. Leggett, S. P. Clark, I. Aleksander, and T. W. 

Mak. 1984. A human T -cell specific eDNA clone encodes a protein having 

extensive homology to immunoglobulin chains. Nature 308:145-149. 

4. Hedrick, S. M., E. A. Nielsen, J. Kavaler, D. I. Cohen, and M. M. Davis. 

(1984). Sequence relationships between putative T -cell receptor 

polypeptides and immunoglobulins. Nature 308:153-158. 

5. Chien, Y.-H., N.R.J. Gascoigne, J. Kavaler, N. E. Lee, and M. M. Davis. 

1984. Somatic recombination in a murine T -cell receptor gene. Nature 309: 

322-326. 

6. Siu, G., S. Clark, Y. Yoshikai, M. Malissen, Y. Yanagi, E. Strauss, T. Mak, 

and L. Hood. 1984. The human T -cell antigen receptor is encoded by 

variable, diversity and joining gene segments that rearrange to generate a 

complete V gene. Cell 37:393-40 l. 

7. Clark, S. P., Y. Yoshikai, S. Taylor, G. Siu, L. Hood, and T. W. Mak. 1984. 

Identification of a diversity segment of the human T -cell receptor beta 

chain, and comparison to the analogous murine element. Nature 311:387-

389. 

8. Kavaler, J., M. M. Davis, and Y.-H. Chien. 1984. Localization of aT-cell 

receptor diversity-region element. Nature 310:421-423. 



129 

9. Siu, G., M. Kronenberg, E. Strauss, R. Haars, T. Mak, and L. Hood. 1984. 

The structure, rearrangement and expression of Da gene segments of the 

murine T -cell antigen receptor. Nature 311:344-350. 

10. Gascoigne, N.R.J., Y.-H. Chien, D. M. Becker, J. Kavaler, and M. M. Davis. 

(1984). Genomic organization and sequence of T -cell receptor a-chain 

constant- and joining-region genes. Nature 310, 387-391. 

ll. Malissen, M., K. Minard, S. Mjolsness, M. Kronenberg, J. Gover man, T. 

Hunkapiller, M. Prystowsky, Y. Yoshikai, F. Fitch, T. Mak, and L. Hood. 

1984. Mouse T -cell antigen receptor structure and organization of constant 

and joining gene segments encoding the a polypeptide. Cell 37:110 l-111 0. 

12. Cory, S., B. Tyler, and J. Adams. 1981. Sets of immunoglobulin V K genes 

homologous to ten cloned V K sequences: 1m plica tions for the number of 

germline V K genes. J. Mol. Applied Genet 1:103-116. 

13. Brodeur, P. and R. Rib let. 1984. The immunoglobulin heavy chain variable 

region (Igh-V) locus in mouse. I. One hundred Igh-V genes comprise seven 

families of homologous genes. Eur. J. lmmunol. 14:922-930. 

14. Dildrop, R. 1984. A new classification of mouse VH sequences. lmmunol. 

Today 5:85-86. 

15. Patten, P., T. Yokota, J. Rothbard, Y.-H. Chien, K.-1. Arai, and M. Davis. 

1984. Structure, expression and diversity of T -cell receptor a-chain variable 

regions. Nature 312:40-46. 

16. Barth, R., B. Kim, N. Lan, T. Hunkapiller, N. Sobieck, A. Winoto, H. 

Gershenfeld, C. Okada, D. Hansburg, I. Weissman, and L. Hood. 1985. The 

murine T -cell receptor employs a limited repertoire of expressed V a gene 

segments. Nature 316:517-523. 



130 

17. Behlke, M. A., D. G. Spinella, H. S. Chou, W. Sha, D. L. Hartl, and D. Y. Loh. 

1985. T -cell receptor 8 chain expression: Dependence on relatively few 

variable region genes. Science 229:566-570. 

18. Southern, E. M. 1975. Detection of specific sequences among DNA 

fragments separated by gel electrophoresis. J. Mol. Biol. 98:503-517. 

19. Maniatis, T., E. F. Fritsch, and J. Sambrook. J. Molecular Cloning, Cold 

Spring Harbor Laboratory, Cold Spring Harbor, NY, 1982. 

20. Rigby, P.W.J., M. Dieckmann, C. Rhodes, and P. Berg. 1977. Labeling 

deoxyribonucleic acid to high specific activity in vitro by nick translation 

with DNA polymerase I. J. Mol. Biol. 113:237-251. 

21. Kobori, J. A., A. Winoto, J. McNicholas, and L. Hood. 1984. Molecular 

characterization of the recombination region of six murine major 

hostocompatibility complex (MHC) I-region recombinants. J. Mol. Cell 

lmmunol. 1:125-131. 

22. Smith, H. 0. and M. L. Birnstiel. 1976. A simple method for DNA restriction 

site mapping. Nucl. Acids Res. 3:2387-2398. 

23. Maxam, A. M. and W. Gilbert. 1980. Sequencing end-labeled DNA with base

specific chemical cleavages. Meth. Enzymol. 65:499-560. 

24. Strauss, E., J. Kobori, G. Siu, and L. Hood. 1985. Specific-primer-directed 

DNA sequencing. Analyt. Biochem. (submitted). 

25. Acuto, 0., M. Fabbi, J. Smart, C. B. Poole, J. Protentis, H. D. Royer, S. F. 

Schlossman, and E. L. Reinherz. 1984. Purification and N-terminal amino 

acid sequencing of the 8 subunit of a human T -cell antigen receptor. Proc. 

Natl. Acad. Sci. USA 81:3851-3855. 

26. Kimura, M. 1981. Estimation of evolutionary distances between homologous 

nucleotide sequences. Proc. Natl. Acad. Sci. USA 78:454-458. 



131 

27. Miyata, T., T. Yasunaga, and T. Nishida. 1980. Nucleotide sequence 

divergence and functional constraint in mRNA evolution. Proc. Natl. Acad. 

Sci. USA 77:7328-7332. 

28. Tunnacliffe, A., R. Kefford, C. Milstein, A. Forster, and T. H. Rabbitts. 

1985. Sequence and evolution of the human T -cell receptor 8-chain genes. 

Proc. Natl. Acad. Sci. USA 82:5068-5072. 

29. Yoshikai, Y., D. Anatoniou, S. P. Clark, Y. Yanagi, R. Sangster, P. Van den 

Elsen, C. Terhorst, and T. W. Mak. 1984. Sequence and expression of 

transcripts of the human T-cell receptor 8-chain genes. Nature 312: 521-

524. 

30. Jones, N., J. Leiden, D. Dialynas, J. Fraser, M. Clabby, T. Kishimoto, J. L. 

Strominger, D. Andrews, W. Lane, and J. Woody. 1984. Partial primary 

structure of the alpha and beta chains of human tumor T -cell receptors. 

Science 227:311-314. 

31. Acuto, 0., T. J. Campen, H. D. Royer, R. E. Hussey, C. B. Poole, and E. L. 

Reinherz. 1985. Molecular analysis of T -cell receptor (Ti) variable region 

(V) gene expression. Evidence that a single Ti 8 V gene family can be used in 

formation of V domains on phenotypically and functionally diverse T -cell 

populations. J. E::rp. Med. 161:1326-1343. 

32. Sims, J. E., A. Tunnacliffe, W. J. Smith, and T. H. Rabbitts. 1984. 

Complexity of human T -cell antigen receptor 8-chain constant- and 

variable-region genes. Nature 312:541-545. 

33. Goverman, J., K. Minard, N. Shastri, T. Hunkapiller, D. Hansburg, E. 

Sercarz, and L. Hood. 1985. Rearranged 8 T -cell receptor genes in a helper 

T -cell clone specific for lysozyme: No correlation between V 8 and MHC 

restriction. Cell 40:859-867. 



132 

34. Segal, D., E. Padlan, G. Cohen, S. Rudikoff, M. Potter, and D. Davies. 

1974. The three-dimensional structure of a phosphorylcholine-binding mouse 

immunoglobulin Fab and the nature of the antigen binding site. Proc. Natl. 

Acad. Sci. USA 71:4298-4302. 

35. Saul, F., L. Amzel, and R. Poljak. 1978. Preliminary refinement and 

structural analysis of the Fab fragment from human immunoglobulin new at 

2.0 A. resolution. J. Biol. Chern. 253:585-597. 

36. Amzel, L. M. and R. J. Poljak. 1979. Three-dimensional structure of 

immunoglobulins. Ann. Rev. Biochem. 48:961-997. 

37. Hood, L., J. H. Campbell, and S.C.R. Elgin. (1965). The organization, 

expression, and evolution of antibody genes and other multigene families. 

Ann. Rev. Genetics 9:305-353. 

38. Brea thnach, R. and P. Chambon. 1981. Organization and expression of 

eukaryotic split genes coding for proteins. Ann. Rev. Biochem. 50:349-383. 

39. Hayday, A. C., H. Saito, S. D. Gillies, D. M. Kranz, G. Tanigawa, H. N. 

Eisen, and S. Tonegawa. 1985. Structure, organization and somatic 

rearrangement of T -cell gamma genes. Cell 40:259-269. 

40. Malissen, M., C. McCoy, D. Blanc., J. Trucy, C. Devaux, A.-M. Schmitt

Verhulst, F. Fitch, L. Hood, and B. Malissen. 1985. Direct evidence for 

chromosomal inversion during T -cell receptor a gene rearrangements. 

Nature, in press. 

41. Falkner, F. G. and H. G. Zachau. 1984. Correct transcription of an 

immunoglobulin K gene requires an upstream fragment containing conserved 

sequence elements. Nature 310:71-74. 

42. Parslow, T. G., D. L. Blair, W. J. Murphy, and D. K. Granner. 1984. 

Structure of the 5' ends of immunoglobulin genes: a novel conserved 

sequence. Proc. Natl. Acad. Sci. USA 81:2650-2654. 



133 

43. Grosschedl, R. and D. Baltimore. 1985. Cell-type specificity of immuno

globulin gene expression is regulated by at least three DNA sequence 

elements. Cell 41:885-897. 

44. Baltimore, D. 1981. Gene conversion: Some implications for Immuno

globulin genes. Cell 24:592-594. 

45. Salser, W. 1976. Globin mRNA sequences: Analysis of Base Pairing and 

evolutionary implications. Cold Spring Harbor Symp. Quant. Biol. 62:985-

1002. 

46. Miyata, T., H. Hayashida, R. Kikuno, M. Hasegawa, M. Kobayashi, and K. 

Koike. 1982. Molecular clock of silent substitution: at least six-fold 

preponderence of silent changes in mitochondrial genes over those in nuclear 

genes. J. Mol. Evol. 19:28-35. 

47. Miyata, T. and H. Hayashida. 1982. Recent divergence from a common 

ancestor of human IFN-a genes. Nature 295:165-168. 

48. Li, W .-H., C.-I. Wu, and C.-C. Luo. 1985. A new method for estimating 

synonymous and nonsynonymous rates of nucleotide substitution considering 

the relative likelihood of nucleotide and codon changes. Mol. Biol. Evol. 

2:150-174. 

49. Federoff, N. V. 1979. On spacers. Cell 16:697-710. 



l34 

Fig. 1. Genomic blots on human germline DNA with the YT35 V-region-specific 

probe. The DNA samples were digested with the restriction enzymes Eco RI or 

Bam HI. The sizes of the bands are indicated, along with the corresponding V 8 

gene segment. 
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Fig. 2. Restriction maps of the cosmid and lambda clones containing the members 

of the V sMJ family. A) Cosmid H7 .1, containing V sMJ-l and V 6M3•2, and the 

pBR322 subclone pBH7 .1 R2A, the pUC8 subclones p8H7 .1 B6 and p8H7 .1 B5, and 

the Ml3mpl8 subclone Ml8H7.1B7 of this region, B) Plasmid pBH7.1R2A, 

containing the V sMJ-l gene segment, and the Ml3mpl8 subclone Ml8H7.1B7, 

C) Cosmids Hl8.1 and H9.1, containing V6M3_4, and the pBR322 subclone 

pBH9.1R3 and the pUC& subclone p8Hl8.1RH that contains portions of these 

cosmids, D) :\.VBM3.0, containing the V sMJ-O gene segment, and the Ml3mpl8 

subclone Ml8VBM30 that contains a portion of this region, E) :\.gt clone :\. VBM3.3, 

containing the V sMJ-J gene segment. Scale in each figure is in kilobases. The 

thin and thick boxes represent the first and second exons of the germline V 6 gene 

segment. 
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Fig. 3. Complete nucleotide sequence of the five members of the V sM3 family 

and their flanking regions. Gaps were introduced to maximize homology. Leader 

and V coding regions are boxed and indicated. Putative TA TA and CCAAT boxes 

in the 5' region and the rearrangement recognition signals in the 3' flanking region 

are overlined and indicated. The 21 bp direct repeat in the 5' flanking region of 

V sM3_0 is indicated by two arrows, and the 16 bp conserved region in the 5' 

flanking region of the V 8M3 subfamily members is indicated by a bracket. 
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Fig. 4. Protein alignments of the V aMJ family compared with all of the human V 
6 

genes published to date and the murine V a 11 gene segment. Gaps were aligned to 

maximize sequence similarity. Conserved positions in human and mouse V 
6 

gene 

segments (>75% frequency of a single amino acid) are indicated by an asterisk (see 

Kronenberg et al., 1986). Amino acids conserved in sequence and position with 

other V gene families are indicated by letters in an open box: L = immunoglobulin 

K and ;x. light chain V gene family, H = immunoglobulin heavy chain V gene family, 

and a = V a gene family. Invariant amino acids thought to interact with one 

another to stabilize VH-VL interactions in immunoglobulins are indicated with an 

arrow. The references for the previously published V 6 gene sequences are: Vall 

( 17), HPB-ML T (30), HPB-ALL (29), and MOLT -4 (28). 
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The structure, rearrangement and expression of 
D13 gene segments 

of the murine T -cell antigen receptor 
Gerald Siu", Mitchell Kronenberg·, Erich Strauss·, Regina Haarst, 

Tak W. Mak; & Leroy Hood" 
• Division of Biology, California Institute of Technology, Pasadena, California 91125, USA 

t Depanment of Pathology, College of Physicians and Surgeons of Columbia Univenity, New York 10032. USA 
; Depanment of Medical Biophysics, Univenity of Toronto, Ontario Cancer Institute, Toronto, Canada M4X I K9 

It has been postulated that the variable region of the 13-polypeptide of the murine T-cell antigen receptor is encoded by 
three distinct germ-line gene segments-variable (V 11 ), diversity ( 0 11 ) and joining (J 11 )-that are rea"anged to generate a 
V 11 gene. Germ-line V 11 and J 11 gene segments have been isolated previously. Here we report the isolation and characterization 
of two germ-line 0 11 gene segments that have recognition signals for DNA rea"angement strikingly similar to those found 
in the three immunoglobulin gene families and in V 11 and J 11 gene segments. The 0 11 and 111 segments can join in the absence 

. of V 11 gene segment rea"angement and these rea"anged sequences are transcribed in some T cells. 

IMMUNOGLOBULINS and T-cell antigen receptor molec:ules 
exhibit extensive diversity but the genetic basis and the mechan
isms responsible for generating this diversity are well understood 
only for the immunoglobulin genes1

-
3

• Immunoglobulins are 
heterodimers made up of disulphide-bridged light and heavy 
chains each of which is divided into variable regions that recog· 
nize antigen, and constant regions that control effector functions. 
Genes that encode the variable region of light chains are created 
by a DNA rearrangement that joins two distinct gene segments-
variable ( Vd and joining (Jd ...... The variable region genes of 
heavy chains are created by the joining of three distinct gene 
segments-variable ( VH), diversity (DH), and joining (JH) 7

•
8

• 

One mechanism for the generation of immunoglobulin diversity 
is joining of different VH, DH, and JH, or VL and JL gene 
segments•·'". Also gene segments may be joined together at 
different sites, leading to a junctional variability 1

...,
12 and in the 

heavy chain gene family, extra nucleotides, not found in VH, 
DH, or JH gene segments, may be added between these gene 
segments as a result of the joining process ( N-region diver· 
sity) 11

'
13

• The 3' side of the V gene segments, the 5' side of the 
J gene segments, and both sides of the D gene segments are 
flanked by recognition signals for DNA rearrangements. These 
signals comprise three components-a highly conserved palin· 
dromic heptamer, a nonconserved spacer sequence of 12 or 23 
nucleotides, and a relatively conserved A/T·rich nonamer<>-&· 1

• . 

It is believed that these recognition sequences play a critical 
role in DNA rearrangements because they are present in all 
three of the immunoglobulin gene families and, therefore, have 
been conserved throughout venebrate evolution. 

The T -cell antigen receptor is a heterodimer composed of two 
disulphide·bonded p,olypeptides, a and {J, that have a similar 
molecular weight's.. 7

• The genes that encode the fJ·chain of the 
T-cell antigen receptor have recently been identified and they 
share many features with those encoding immunoglobulins. The 
nucleotide sequence of eDNA clones encoding the {J-chain of 
the T-cell receptor from both mouse and man contains regions 
similar to V and J gene segments and e genes1 

.. 
20

• Distinct 
germ-line VII and }ll gene segments and ell genes have been 
isolated from genomic libraries21

-
23

• Two highly similar and 
closely-linked e_ genes denoted ell I and elll have been isolated 
on a single cosmid clone of germ-line DNA and each e11 gene 
has a cluster of '• gene segments associated with it23

• The V/J 
and 18 gene segments have recognition signals for DNA rear
rangements that are very similar to those of their 
immunoglobulin counterpans2

'-
23

• 

Both murine and human fJ eDNA clones encoding a complete 
variable region contain eight or more nucleotides than their 

corresponding germ-line V11 and 111 gene segments suggesting 
that a ponion of the fJ variable region is encoded by a third 
gene segment analogous to the DH gene segment of 
immunoglobulins21

'
22

• Indeed, in this paper we present the struc
ture of two germline D11 gene segments. One of these D- gene 
segments lies to the 5' side of the '• 1 gene cluster and the second 
lies to the 5' side of the JtJ 2 gene cluster, between e_, and 18 :. 

Recognition signals for DNA rearrangements on either side of 
these D gene segments are described, as are rearrangements 
and transcripts involving the D- gene segments. 

DfJ gene segment of eacb JfJ gene cluster 
The panial nucleotide sequences of four murine {J-chain eDNA 
clones have been published 19

• Two of them appeared to lack a 
v_ gene segment but contain joined D--J- sequences. This 
conclusion was based on several features. First, the published 
sequences 5' to the J~ gene segments resemble neither v_ gene 
segments nor the sequences found 5' to the germ-line J~ gene 
segments. Second, in both of these clones the sequences 5' to 
the joined J- gene segment have a recognition signal for DNA 
joining that includes the heptamer, a 12-nucleotide spacer 
sequence, and the A/ T-rich nonamer sequence, as well as a 
shon sequence that could be a D, coding segment located 
between the joining signal and the J- gene segment. Two 40-base 
oligonucleotides complementary to a ponion of these putative 
D~ gene segments and their 5' flanking sequence were synthe
sized using the technique of Horvath tt aL 24

• The oligonucleotide 
T5 is complementary to a region staning at nucleotide position 

· 56 and ending at position 95 of the published sequence of the 
eDNA clone 86T5 (ref. 19). T6 is complementary to the eDNA 
clone TM86 at positions 15-54 (ref. 19) . We have hybridized 
these oligonucleotides to Southern blots of a genomic cosmid 
clone known to contain the J~ , and J- 2 gene clusters. T6 hybrid
izes most strongly to a restriction fragment located to the 5' side 
of the 1~ 2 gene cluster, while T5 hybridizes more strongly to the 
region 5'to the J, 1 gene cluster (G.S., unpublished observations). 
We have determined the nucleotide sequence in the vicinity of 
the hybridizing DNA fragments and have linked them by restric
tion mapping and DNA sequencing to their respective J~ gene 
clusters (Fig. I and unpublished results) . 

Each of these hybridizing regions appears to contain a D~ 
gene segment by the following criteria (Fig. I ). (I) There is a 
5' recognition sequence for DNA joining with a 12-base pair 
spacer sequence. (2) There is a 3' recognition sequence for DNA 
joining with a 23-base p.1ir spacer. Both of these sequences are 
similar to their immunoglobulin counterpans (Fig. 2 ). ( 3) One 
of these sequences, or a highly similar D,. gene segm~nt, appears 



2 

8 
~·-· ... ~ <;. _ ... 

z··~ .=:~, 

UC:UI III TU&I&U6&&&CC:C f tC& tf UCT(K&TCfT&CC&CC:&C:CfftC:&CaaruttlfC:ItM .... I &t tTC 
I r I I I I I 

I I ace T f(C T T ~ TC TTC&aCT~CC:C:C:CC:&I&fl&tCatC:TT ~ TCTUTIIT ~TCTTC:CAIC:~C:TC&at ... !&I&CC: T & Ttl 

o •. .. 
tuurc:~•'•~•tc:rtraat~tYif~l~llfiarrc•~''C ' •'I .. ~ucc:t r' J'n' 

rt'l'ln&TTC:TifC:Tt f CC:C U IIC:C:C:&Citfi:C:TC:T&C:TC:TTC TCCTMeTC:I(a&.CC:Tat&TtftT TT &tatCC&t& 
1 I I I I I I 

151 

b 
~. 

1 uUt(&TCTC:U AICTCC:TC:C: CCTC:TTTIINTT Tl(CC&tc:TTI&I&(TTT TCCC:&ICC:tC TC: TC.&tfC:U&C:&&&C:C: T 
I I I I I I I 

.. C: TC:TKCICCf tTCfCC:CTKC:C:CTKC:..-cTCT .... T....C&C:CTI 1'11MA&Iau~&TC:aC: I111 f & 
I I I I I I I 

Or .. 
atltTCY4,htr tut'1tj:ltUfl~r rc:aeCTU~•t•MTtCT!''~'C:'•C:C:C:&~ a••uC•CC:a 

aCTCTCMCCC:i&&&&iiTK&TnaaC.UtTtaM•HUTC:T.U ITI&ITM• CTC:&(& ... TC:natu(&T(TafK 
I I I I I I 1 

&TCTTCTTtc:tCf &KaMf tfCCCaCiattltlaaaMCflfCCIMlaatf MI&Ct&CtattC•ICCCttatCIIII 
I I I I I I I 

r•accuc...cuatt..tcc•racuacar ... aaarr•c•••cnarraa•••K•"u•raeaa•a•raaaccc"'' 
I I I I I I I 

,, ........... , ,, .. , .. ,,,,nrcte•ttMaiKt•cnMac•ccaac •••aa•ce yrc uarrrcaaarre•cr r 
I I I I 1 I I 

tltCa•aCCCtlaltlaat•tatM•t• t CCittCCcauccaaaattlt t arcrc crccYc u rtrtaeatcMCCfCa 
I I I I I I I 

tiC&aMTCaal&ttKCtt&CC&IttCt~Mt•a•tM•tutar&altaaCCCCIH ICTt i T a ttlalt•atltl 
I I I I I I 

J ... . 

•lluuaMul~atcccrrntlitiCI .. uc ra•&crutc u• rcr rctu ccu•us asu srs 
I 1 I I I I o 

~'···· 
Fl1. I Nucleotide seq\lences of germ-line Da 1• 1 and Da 2• 1 gene segments. a. The 0 81 • 1 subclones sequencing strategy and sequence. b, The 
Da 2 •1 subclones. sequencina strategy and sequence. The sequence from position 410 to position 844 had been previously determined on both 
strands". The coding regions of the Da and la joining segments are boxed. and the S' and 3' heptamer and nonamer recognition signals are 
overlined. Sequences were obtained by subcloning restriction fragments into the vectors Ml3mp8, Ml3mpl8 and Ml3mpl9 (ref. 47 ) and 
sequenced using the dideoxynucleotide method .. , as modified by E. Strauss (unpublished). Synthetic oligonucleotides complementary to 
mouse genomic sequences were utilized as sequencing primen in some cases. The positions of these primers are indicated by the open box 

at the ends of the arrows. Restriction enzyme sites are abbreviated as follows: B, Bam HI : E, EcoRI: H, Hindlll: P • .P:frl : Pll, Pvull. 

to form pan of the variable region of the 86Tl {3 eDNA clone19
• 

In addition, the coding sequences for these D,. gene segments 
are similar to some immunoglobulin DH gene segments (Fig. 
2a). We will denote the D gene segment to the 5' side of the 
18 , gene cluster as D,., _, and the D gene segment to the 5' side 
of the 1,. , gene cluster as D,. 2• 1• The 0 11 • 1 gene segment is 
located 647 base pain (bp) upstream from the 5'-most germ-line 
J~, gene segment (Fig. Ia; M.K.., R.H., E.S., unpublished 
results), while the D,.2•1 gene segment is located 578 bp upstream 
from the 5'-most germ-line J,.2 gene segment (Fig. !b). Because 
the murine immunoglobulin heavy chain locus also has a DH 
gene segment, D052, found 696 bp 5' to its J gene cluster '' , there 
may be some functional significance of a single D gene segment 
closely linked to the J gene cluster in the germline. 

There probably are additional D, gene segments that have 
not yet been located in the germ-line DNA. With the exception 
of three nucleotides missing from the 3' end, the coding and 5' 
flanking sequences of the D,.2 • 1 gene segment are identical to 
the D8 gene segment expressed in the TM86 eDNA clone. We 
believe, therefore, that this eDNA clone includes the D,. 2• 1 gene 
segment. The 86T5 eDNA D,. gene segment is also shorter than 
the 0 81 • 1 gene segment by three base pain, and in addition it 
has one difference at its 3' end and one in the 5' flanking region 
out of the 90 base pairs compared. It is therefore possible that 
the 86T5 D8 gene segment is derived from a different germ-line 
gene; comparable similarity between members of a family is 

seen in several immunoglobulin DH gene segment families 25
. 

Alternatively, somatic mutation or polymorphism between 
inbred mouse strains could account for these differences. In 
addition, the D,. gene segment in 284.71 , a eDNA clone from 
a helperT-cell hybridoma21 specific for cytochrome c, is different 
from the three other D,. gene segments. Thus the two D8 gene 
segments identified each lie to the 5' side of their corresponding 
1, gene segment clusters and it appears likely that additional 
D,. gene segments will lie to the 5' side of the J,, gene cluster. 

Structure of germ-line DfJ 
Figure 2 shows the germ-lineD,., _, and Dfl 2• 1 coding and flank
ing sequences aligned with each other, with the D, sequences 
from several /3-ehain eDNA clones, and with some representa
tive sequences from the immunoglobulin heavy chain gene 
family. The Dfl 1• 1 gene segment has 12 nucleotides while the 
DIJ2. 1 gene segment has 14 nueleotides (Fig. 2a) and they there
fore resemble murine DH segments, which range in size from 
I 0-23 nucleotides25

• The sequences of both the D,. ,_, and DIJ2. 1 
gene segments are G-rieb and they are similar at I 0 out of 12 
nueleotides compared; they are also similar to the presumed DH 
gene segment found in the heavy chain of some oxazalone
binding immunoglobulins26

, and to the DH region found in the 
heavy chain of the 18-81A-2 Abelson murine leukaemia virus 
(A-MuLV)-transformed cell line21 (Fig. 2a). It has been 
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Flt. l A comparison of the D• codina and tlankin1 sequences 
with those found in immunosJobulin aene seaments. a, Comparison. 
of D, and DH aene seamen! codina reiJions. 86TS and 86TI are 
from fJ eDNA clones derived from thf.'!us RNA 19

; TM86 is a 
eDNA clone from the 3.3T hybridoma ' ; D284 is derived from a 
eDNA clone from a cytochrome C·specitic T·helper bybridoma21

; 

oxazalone and D 18·81 A·2 are DH codin1 sequences deduced from 
the sequence of immunoaJobulin heavy chain mRNAsu ... ; QS2. 
Sp2.3, FLI6.1 are aermline DH sepenu "·'2.l'. b, Comparison of 
D~ and DH aene seament s· nanking regions. c, Comparison of 
D, and V H aene sepnent 3· flankinJ reiJions. The flankina sequence 
offour unrelated VH aene segments tbat were alianed to each other 
are shown. The sequences are from the indicated references: VII 
(ref. 49), V441 (ref. SO), VI08A (ref. Sl) and V23 (ref. 52) . V284 
is the v. region aene from a {J-chain eDNA clone from a c:yto
ebrome c-specifie helper-T hybridoma21

• Boxed sequences rep. 
resent the nonamer and beptamer rec:oanition signals for DNA 

rearnngement. Gaps were iruened to maximize homoiOIY. 

previously observed that the D• gene segment in the 284.71 
eDNA clone is similar to the immunoglobulin ~gene segment 
DoH (ref. 21 ). It has also been observed that the coding and 
flanking regiorts of the mouse and human D•• -• gene segments 
are highly cortserved21

. The significance of the similarity obser
ved between the mouse D• and ~ gene segments is unclear. 
Figure 2b shows the S' flanking regions of the D., . , and D.2•1 
gene segments aligned with each other, with the 86TS and TM86 
fJ cD N A clones and with re~resentative members of four murine 
DH gene segment families'. Fipre 2c shows the aligned 3' 
flanking sequences of the D••-• and D,2•1 gene segments. These 
3' flanking sequences are alao aliped with immunoglobulin VH 
sequences as opposed to~ gene seaments, since the VH aene 
segments also have 23-base pair spacers in their 3' joining signals. 
Gaps were insened to maximize the similarity between the 
sequences. The S' flanking sequences of the D•• -• and D.2• 1 gene 
segments are similar at 3S out of 47 positions compared. The 
D••-• and D.2•1 3' flanking sequences share 31 out of 60 nucleo
tides compared. Comparison of the far-flanking regiorts of the 
D. ,. , and D.2• 1 gene segments indicates that they share the 
highest similarity at the recognition signals. Aside from these 
signals, these flanking regions have little sequence similarity with 
either the S' flanking region of DH gene segments or the 3' 
flanking region of VH gene segments. 

DfJ recognition signals 
As was noted by Early tt aL', the 12 and 23 nucleotide spacer 
sequences of immunoglobulin joining recognition sequences 
correspond to approximately one and two turns of the DNA 
helix, respectively. An interesting feature of the recognition 
sequences for immunoglobulin VH and VL gene rearrangements 
is that the one·tum recognition sequence is always joined to a 
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Flt• 3 Junc:tional and N·reiJion divenity in IJ·cbain rearnn8e
ment. Boxed regions indicate aene seamentjunaions. a, The eDNA 
clone TM86, compared with germline aene seaments 0~ 21 and 
J ~2 ., . Tbe lut three nucleotides of D ,.., and the tint two nueleo
tides of J .,., have been deleted in the joining event, and one 
nucleotide of TM86 (a Cat position 20) is not encoded by either 
aermline aene seament. b, The eDNA clone 86TI . compared with 
aermline aene seaments o.,., and J ,..,.One nucleotide at the S' 
end of the D ••-• aene seament hu been deleted or substituted in 
the D•-'• joinina. One nucleotide of 86TI (a Tat position 20) is 
not encoded by either the o.,.,or '••-> aene sesments. No nueleo· 
tides were deleaed from the I,._, aene seament during the D.-1, 
joinina event; the nucleotide S' of the lint T is a G present in the 

joinina sequence. 

3 

two-tum recognition sequence. This rule of one· and two·tum 
joining is followed in the ~-gene family of T·cell re~eptors as 
well (Fis. 2b, c) 21-:u. The V1 and '• gene segments have 
two-tum and one-tum recognition signals, respectively, and the 
D• sene seament has a one-tum recognition signal to its 5' side 
and a two-tum recognition signal to its 3" side. This organization 
of recognition sequences permits several types of VB gene fo""a· 
tion consistent with the one- to two<tum joining rule; VB gene 
segments may join directly to '• gene segments, VrDr1s 
joining may occur involving a single D gene segment, or two 
or more D• gene segments could join between the V1 and 1B 
gene segments. Thus, the orsanization of the recognition sequen
ces for the fj-gene family should pe""it additional combinatorial 
joining possibilities to be employed in the generation of VB 
diversity. 

Junctional ud N-region diversity 
Junctional diversity in immunoglobulin variable regions is 
caused both by the imprecise joining of VL and h or VH, DH, 
and JH gene segments that can lead to the deletion of nucleotides 
from tbe ends of these gene segments")-ll and by the addition 
of nucleotides at the junction between VH and DH or DH and 
JH sene seamenu that are not found in either of the ge""-1ine 
counterparts (N-region diversity) 11

•
11

. Analysis of the coding 
regions of germ-line D• and 11 gene segments indicates that 
both mechanisms for generating junctional diversity occur in 
the ~-chain of the T-cell receptor. Fipre 3a compares the pub
lished sequence of the TM86 eDNA clone 19

, which contains the 
D.2•1 sequence joined to the 1.2., gene segment, to the ge""·line 
sequences of D.2•1 and J 12•5• In the TM86 eDNA three bases 
have been deleted from the 3' end of the D12. 1 gene segment, 
and two bases have been deleted from the S' end of the 1 Bl·' 

gene segment. In addition, N-region diversity is indicated by 
the presence of a cytidine nucleotide not found at the end of 
either germ-line gene segment that is present at the D-1 boun
dary. A second possible example of both types of diversity can 
be found by comparing the published sequence of the 86TI 
eDNA clone19 that contains a complete variable region gene 
segment joined to the D., . , and J Bl · J (M.K. and R.H., unpub
lished) gene segments (Fig. 3b ). Although the central ten base 
pairs of the 86TI D1 gene segment are identical to the ge""·line 
D.,., sequence, the end nucleotides have been altered. The first 
nucleotide of the D•• · • gene segment at the VB-DB boundary 
has been deleted or substituted, while the last nucleotide at the 
D,-11 boundary has been replaced with a different base. In this 
latter example, it is also possible that no deletions or additions 
occur, but instead a D• gene segment that is slightly different 
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Fie. 4 Dr/1 joining in T-cell tumour DNA. 
Southern blocs" of EcoRI diaested DNA were 
hybridized with a c,, eDNA clone'• and a 
fragment from a aerm-line cosmid clone that 
contains / 12 sequences". Conditions used for 
the Southern blocs have been described pre
viously". a. A model for the rearrangement and 
expression of the panially joined ( D1 -J1 ) 

genes. The c, genes are depicted as open 
boxes : the separate exons of these genes are 
not shown. The D., and / 11 aene segments are 
numbered and are shown as venical lines or 
filled boxes. Some relevant restriction sites for 
the Southern blot analysis are indicated. 8, 
Bam HI: K, Kpn I: E. Eco Rl. The rearrange
ment presented in the fiaure joins the D.,., to 
the J 11.2 gene seament eliminatina the third 
EcoRI site as well as J 12. 1 and leading to the 
rearranged fraaments described in the text. 
Rearrangement to other '•' aene seaments is 
also possible. The scale used to depict the tran
scripts is expanded twofold. The dotted lines 
at the s· end reflect uncenainty about the struc
ture of this pan of the transcript. b, Hybridiz
ation of the c., eDNA Oanes I, 2) and / 12 
fragment (lanes 3, 4) to AKR strain tumour 
KKT-2 and to AKR liver DNA. c, Hybridiz
ation of the C,, (lanes S-7) and / 12 (lanes 8-10) 
probes with DNA from the BALB/c tumours 
BALJ and 549 and with BALB/ c liver DNA. 
In both b and c the filter was first hybridized 
with c,, the probe was removed, and the same 
filter was then hybridized with the / 12 probe. 
The arrows denote the identically-sized 
rearranged fragment chat could be detected by 
both probes. The estimated sizes in kilobases 
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from the DtJ 1• 1 gene segment may be present in 86TI. It is also 
possible that inter-strain sequence polymorphisms can account 
for these differences, since the germ-line sequences are from 
BIO mice and in this case the eDNA sequence is from BALB/c 
mice. Because the only differences are at the boundaries between 
the joined gene segments, we consider these latter possibilities 
to be less likely. 

D/J-J/J joining without V-D-J joining 
A productive DNA rearrangement is defined as one in which 
the V. D and J (or V-1) joining process OCCilrs in such a way 
that a functional polypeptide chain can be expressed. In 
immunoglobulin genes a variety of nonproductive rearrange
ments may occur, including incomplete rearrangements of DH 
and /H gene segments joined together without a VH gene seg
ment. Such incomplete hea~ chain rearrangements occur 
frequently in immature B cells •.JO but are also found in some 
mature B cells" ·J' and T cells as well12

, and are thought to be 
the first step in the assembly of heavy-chain variable region 
genes. The ,6-gene segments may undergo D-J rearrangements 
in the absence of V1 joining in a manner similar to their 
immunoglobulin counterparts. We have characterized the ,6· 
gene rearrangements in a large number of T-cell lines, 
hybridomas, and tumours (M.K., J. Goverman, M. Malissen, 
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R.H., manuscript in preparation) and have observed several 
cases in which the DNA from T-cell tumours have undergone 
an apparent D1-J1 joining. For example, when germ-line DNA 
is digested with the restriction enzyme EcoRI and hybridized 
with a CtJ, eDNA probe, there are two hybridizing fragments 
of 2.1 and 3.1 kilobases (kb). The 3.1 kb fragment is at the 3' 
end of the c, gene beginning close to the translational stop 
codon and ending just S' to the first 182 gene segmentn (Fig. 
4a). In the T-cell tumours 549, BAL3, and KKT-2, the 3.1 kb 
fragment at the 3' end of the C8 , gene is replaced by a larger 
fragment that is either 3.9 kb (549 and KKT-2) or 4.2 kb ( BAL3) 
(Fig. 4b, c). Hybridization of the same filters with the 182 probe 
reveals two rearranged fragments in each case, including one 
fragment identical in size to the one detected with the C8 , probe. 
Southern blots of DNA from these tumours were generated from 
DNA digested with BamHI and hybridized with the C81 and 
112 probes. Digestion of germ-line DNA with this enzyme will 
generate a single fragment that should hybridize with both 
probes ( Fig. 4a ). In the DNA from each of the tumours one of 
the fragments hybridizing with the 18 : probe and the only 
fragment hybridizing with the C8 , eDNA are identically sized 
and approximately 1,000 bp smaller than the germ-line fragment 
(M.K., R.H., unpublished observations) . We therefore conclude 
that the rearrangements 3' to the CIJ, gene in these tumours are 
small deletions. Since this deletion spans the Eco RI site just to 
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F"IJ. 5 Hybridization of D~ and C~ probes to RNA from lym
phoid tissues. The probes are as follows: a. T6 synthetic oliaonu
cleotide; b, c. eDNA clone; c. TS synthetic oliaonucleotide. RNA 
was prepared from thymus, spleen, and lymph node of 4-week
old DBA I I J female mice by homoaenization of the tissues in 
auanidinium thiocyanate followed by centrifuaation through a 
cushion of CsCI'•. Nonhem blots of total cell RNA and hybridiz
ation with a Ca probe were performed as described previously''. 
Hybridization with oligonucleotides was done at room temperature 
with end-labelled synthetic probe at a concentration of 
O.S pmol ml- 1

• The blots were washed in 2 x SSC/0.1% SDS at 
room temperature followed by washing in the same solution at 
37 •c. One filter was used in a. b and c; followina hybridization 
and exposure to film, the probe was removed by strinaent washina 
before retestina with a second probe. The miaration distance of 
E•chtTichia coli ribosomal RNA molecular weight markers is indi· 
cated. Other markers included mouse 28 + 185 ribosomal RNA 

(4.8 and 1.9 kb) and MS2 phage RNA (3.61tb) . 

the 5' side of the 1a2 gene cluster, the most likely explanation 
for these events is that the D tJ 2•1 gene segment has joined to a 
1/J 2 gene segment (Fig. 4a). The slight difference in the size of 
the rearranged fragment in different tumours could reftect join
ing to different 1/J2 gene segments. We have similar evidence 
that DtJ 1• 1 to 1a 1 joining events can occur as well (unpublished 
data). Thus it appears likely that the Da 1• 1 and DJJ 2 ., gene 
segments do panicipate in both complete ( Va-Dr1tJ) and par
tial ( Dr1tJ) DNA rearrangements. By analogy with 
immunoglobulin heavy-chain genes, these panial rearrange
ments may represent the first step in ,8-chain variable region 
gene assembly. 

DfJ-JfJ transcription not using VfJ promoters 
Nonhem blot analyses have been carried out on RNA from 
thymus, lymph node, and spleen using both a C/J probe (Fig. 
Sb) and the oligonucleotides TS and T6 (Fig. Sa, c). The Ca 
probe detects two species, approximately 1.3 and 1.0 kb in 
size, when hybridized to total RNA from the thymus. Similar 
results have been obtained with poly(A)+ RNA (M.K., G .S., 
unpublished observations). Spleen and lymph node RNA have 
a single Ca hybridizing transcript of 1.3 kb. When RNA from 
these three lymphoid tissues is hybridized with either the TS or 
T6 oligonucleotide, only the 1.0 kb thymus RNA is detected. It 
is important to note that both TS and T6 are complementary to 
6 bases of Da coding sequences and 34 bases of S' Banking 
sequence. These two probes therefore do not hybridize with 
fully rearranged VrD,-1s genes since these rearrangements 
eliminate the S' DIJ flanking sequence. Because the probes also 
do not cross-hybridize with each other, we conclude that at least 
two DJJ gene segments contain S' promoters that permit 
expression in thymus; one is the Da2•1 gene segment and the 
second is the Da 1•1 gene segment or a highly similar D gene 
segment such as the one found in the 86TS eDNA clone. It has 
recently been demonstrated that each immunoglobulin DH gene 
segment also has a promoter located in the S' flanking DNA32

• 

We have hybridized both the C/J probe and the DtJ oligonu
cleotide probes to RNA from the S49 and KKT-2 tumours that 
are believed to have joined Dar-1u gene segments. The KKT-2 
tumour has only a 1.0 kb transcript that hybridizes with both 

154 

2 I -

Ftc. 6 A model for the evolution of the immunoglobulin and /3 
T-cell receptor aene families. The number I represents the one-turn 
recoJnition sianal; the number 2 represents the two-tum recog-

nition sianal. 

5 

the T6 D/J oligonucleotide and a probe specific for the 3' end 
of Ca2• Several other T-cell tumours and T-cell hybridomas 
contain 1.0 kb transcripts that hybridize with both c/J probes 
and the T6 oligonucleotide. However, RNA from S49 does not 
hybridize with either oligonucleotide, and it contains a 1.3 -kb 
but not a 1.0-kb transcript when hybridized with the CtJ eDNA 
probe (M.K.., unpublished observations). 

Based on the blot-hybridization and nucleotide sequence data 
presented here and the panial nucleotide sequences of the TM86 
·and 86TS eDNA clones, we have presented a model for the 
rearrangement and expression of the D8 gene segments and 
theirS' Banking sequences (Fig. Sa). D,-1/J rearrangement may 
stimulate transcription from a promoter located 5' to several of 
the DIJ gene segments. This transcript is 1.0 kb long, polyadeny
lated, and contains a joined Dr1s gene segment spliced to the 
exons normally used in the C/J gene. Although we cannot for
mally rule out transcription from this promoter in the absence 
of gene rearrangement, it should be noted that the KKT-2 tumour 
has no germ-line 1/J 2 clusters (Fig. 4c) and that a transcript 
derived from a promoter S' to the DtJ 2• 1 gene segment that 
includes the intron between Du.1 and 1 tJ 2• 1 as well as the exons 
of C/J2 would be at least 1.6 kb. No transcript of this length has 
been detected with any of the probes employed. The prevalence 
of the 1.0 kb transcript in thymus, as opposed to lymph node 
and spleen, would suuest that many of the immature cells in 
this tissue have undergone a panial (D/J-1/J) rearrangement. 
However, as some functional mature T lymphocytes have a 
l.O.kb transcript that hybridizes with the T6 oligonucleotide 
(M.K.., unpublished), there is probably a low level of 1.0-kb 
transcript in lymph node and spleen that could not be detected 
on our blots. 

Immunoglobulin gene expression in B lymphocytes is thought 
to result from gene rearrangements that bring into proximity 
two widely separated elements; a promoter sequence located 5' 
to the V gene segments33

'
34 and an enhancer sequence located 

in the intron between the 1 gene segments and the C genes3s.-39
• 

In the case of the Da-1/J transcript, however, the location of 
the promoter relative to any postulated enhancer would not be 
greatly affected by the relatively small deletions involved in the 
Dr1s joining we llave described. Therefore the means by which 
Da-1/J joining might stimulate transcription are unknown. Fur
thermore, Nonhem blots of RNA from the S49 tumour indicate 
that reaiTangement is necessary but may not be sufficient for 
transcription. Currently, we are funher characterizing the DtJ-J/J 
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DNA rearrangements and D8 transcripts in a number ofT-cell 
tumours in order to understand better the relationship between 
the rearrangements and the 1.0 kb c. transcripts that we have 
described. 

Are Dp-JfJ transcripts translated? 
In the immunoglobulin gene families, transcripts have been 
described that originate from unrearranged ,.""and heavy-chain 
genes" or from incompletely rearranged (D,.-JH) heavy-chain 
gene segments27·41. Some of the RNA molecules do not ~ive rise 
to detectable polypeptides and are referred to as stenle tran
scripts:7·42. These sterile transcripts might not be physiologically 
significant, or else the RNA molecule itself might have some 
regulatory function. Similar speculations apply to the 1.0-kb 
transcripts containing Ds gene segments. In addition, it is also 
possible that these D.-18 transcripts encode functional poly
peptides. If the 1.0-kb transcripts use the entire C8 gene and 
the same 3' end as is found in the 1.3-kb c. RNA, then about 
100-200 nucleotides remain for the D8 coding region and its S' 
ftanking sequence. The nucleotide sequences ftanking the D tJ ,., 

and D 8 2. , gene segments have open reading frames for more 
than SO codons. A methionine codon that is in frame with the 
germ-line D• gene segments is located S' to both D8 ,., and 
D 82• 1 (data not drawn for D•2- 1 ). Moreover, the ~81 . , .flank.ing 
sequence has a signal sequence for membrane mseruon of a 
nascent polypeptide"' 136 nucleotides S' to the D• gene segm~nt 
(Fig. I b). A possible signal sequence is also located followmg 
the methionine codon S' of D 82 •1 (data not shown). Alt and 
co-workers have demonstrated that most immunoglobulin DH 
gene segments have open reading frames in their s· llanking 
sequence that begin with a methionine codon followed by a 
hydrophobic leader sequence. They have also demonstrat~d t~at 
transcripts derived from panial D,.-JH rearrangements gtve nse 
to truncated C,.. -containing polypeptides32

• We therefore .beli~ve 
that the D8 -J8 transcripts will in at least some cases gtve nse 
to truncated fJ polypeptides. The function, if any, of these 
truncated polypeptides is unknown. Because it has been pro
posed that the synthesis of complete heavy chain and light chain 
polypeptides derived from productively rearranged genes pre
vents funher V gene rearrangement""· .. , we might speculate that 
the truncated C,.. and C8 polypeptides will in a similar fashion 
somehow stimulate or facilitate the V gene rearrangement pro
cess. It is also possible that these truncated proteins provide a 
stimulatory signal for cell growth similar to that provided by 
antigen bound to the intact receptor. Alternatively they might 
function at the cell surface with regard to the development of 
the repenoire of receptors via network interactions. 

Evolution of gene rearrangements 
It has been proposed that the ability of the antibody and T-cell 
receptor gene families to undergo DNA rearra~gements. evolv~d 
from the insenion of a transposable element mto a pnmordtal 
uninterrupted V gene exon6

·•' (Fig. 6). This theory proposed 
the existence of a transposon with asymmetric invened repeats 
similar to those found in the joining sequences of the contem
porary antigen-receptor gene families. If insened in the genome, 
duplication of this transposon along with a shon stretch of 
ftanking sequence would lead to a more complex transposon 
containing a proto-D gene segment (Fig. 6). Subsequent inser
tion of this transposon into a primordial V gene would generate 
a gene segment organization, at least with respect t.o j~ining 
sequences, that is similar to that of the fJ genes .. Duplication ?f 
this locus would lead to two separate gene famthes : the /J·cham 
gene family and the immunoglobulin gene family. As s~own in 
Fig. 6, an inversion bounded by the two nght-hand mvened 
repeats could generate the precursor of the heavy chain gene 
famil y. As outlined previously•', funher duplications of this 
heavy chain gene precursor could have occurred to create pre
cursors of all three immunoglobulin gene families. A deletion 
on the right hand or 3' end of the transposon as indicated in 
Fig. 6 generates the proto-A gene family with its organization 
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of joining signals. This may have occurred via homologous 
recombination between these signals. A similar deletion at the 
S' end COUld give rise tO the IC gene family . 

This model can account for some of the unique features of 
variable region genes. The known genes encoding antigen recep
tors on BandT lymphocytes, cell-surface molecules of the major 
histocompatibility complex (MHC), {J2-microglobulin and some 
other cell-surface proteins associated with the immune system, 
are believed to have evolved in pan from a primordial exon 
that encoded an immunoglobulin-like domain"". With the excep
tion of the variable region genes, each domain in these proteins 
having an immunoglobulin structure is encoded by a single 
exon. The insenion of a transposon into a primordial variable 
region gene can account for the fact. that all the . V gene families 
are split into several exons at a stmtlar locatton. The theory 
accounts for the presence of a D gene segment in only two of 
the four antigen-receptor gene families and also explains the 
different configurations of DNA rearrangement signals in these 
families. While the evolutionary history outlined above implies 
that the {J-chain gene family arose first, several other pathways 
beginning with insenion of a slightly different transposon are 
also possible•'. Finally, this theory proposes a relatively simple 
explanation for the evolution of the DNA rearrangement signals 
in that it proposed these signals evolved from the invened 
terminal repeats of a mobile DNA sequence but it remains 
unclear how these signals and the proteins that recognize them 
became adapted for the highly regulated rearrangements of the 
immune system. 
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INTRODUCTION 

T and B lymphocytes participate in the vertebrate immune response through 

the recognition and elimination of foreign pathogens and macromolecules. 

Lymphocytes possess both the specificity and the ability to react with a broad 

range of structures, properties that are mediated through both T -cell antigen 

receptors and immunoglobulins that serve as antigen receptors for B cells. 

Despite some similarities, T -cell antigen recognition and function is different in 

several important respects from the corresponding processes in B cells. First, 

T cells only recognize antigens that are present on the surfaces of other cells in 

the context of polymorphic cell surface molecules encoded by the maJor 

histocompatibility complex (MHC) 0-3). The mechanism by which T -cell 

receptors express an apparent dual specificity for both antigen and polymorphic 

determinants of the MHC-encoded molecule is not known and has been the subject 

of much debate. Second, T cells can be subdivided into separate functional 

categories including cytotoxic effector cells (T c> (4), inducer or helper cells (T H) 

(5, 6) and suppressor cells (T s> (7). Since immunoglobulins encode both antigen 

recognition and effector functions within the same molecule, an important 

question is whether antigen receptors expressed by different T -cell functional 

classes are distinct. Third, T cells mature in the thymus, an organ composed 

almost entirely of developing T lymphocytes, while B cells in mammals 

differentiate in the fetal liver or bone marrow (8-10). Development in the thymus 

is characterized by both rapid proliferation and cell death (reviewed in 11, 12), 

processes that are probably related to the expression and selection of T -cell 

receptors. Finally, a number of accessory molecules play an important role in T

cell antigen recognition and/or activation; similar molecules have not been 

identified for B cells. For example, in humans the T3 molecule, composed of the 

o, y and e: polypeptides, is intimately associated with the T -cell receptor and may 
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serve as an ion channel that functions in T -cell recognition and activation (13, 

14-). In addition, the human T4- and T8 molecules, and their mouse equivalents 

L3T4- and Lyt-2, may bind nonpolymorphic determinants on class II and class I 

MHC molecules, respectively, thereby stabilizing the interaction of T cells with 

their targets ( 15-19). Although much has been learned about the functional 

characteristics of T cells, until recently little was known about the molecular 

nature of the antigen-specific receptor. 

The first breakthrough in the characterization of the T -cell antigen receptor 

came with the generation of monoclonal antibodies that could bind to only one of 

a panel of T -cell clones (20-26). These clone-specific antibodies were capable of 

affecting antigen-specific activation, suggesting that they recognized the antigen 

receptor. Using these serological reagents, it was demonstrated that the receptor 

is composed of a disulfide-linked heterodimer composed of two subunits, denoted a 

and 6, each with a molecular weight of approximately 4-0-50 kdaltons. Further 

characterization of this heterodimer demonstrated that each chain contains 

portions that are variable and portions that are constant between different 

T cells, suggesting the presence of both a and 6 chain variable and constant 

regions (23, 27, 28). 

Study of the molecular genetics of the T -cell antigen receptor began when 

eDNA clones encoding the a and 6 chains, as well as y, a third T -cell specific gene 

family whose function is unknown, were isolated using subtractive or differential 

hybridization techniques (29-33). Just 16 months ago, the first papers that 

characterized eDNA clones encoding the 6 polypeptide of the T -cell antigen 

receptor were published (29, 30, 34-). Since that date, over 70 papers concerned 

with the T -cell receptor a and 6, and the y genes of mouse and man have been 

written. Progress has been rapid, and in some areas the depth of knowledge of 

these genes already approaches that of the immunoglobulin genes. This article 
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summarizes the current understanding of the organization, rearrangement, 

ontogeny of expression and diversification of the genes encoding the a and B 

chains of T -cell antigen receptor. We discuss the y genes as well, because of their 

obvious structural similarity to the a and B T -cell receptor genes. We also 

attempt to integrate the available knowledge of T -cell receptor genes with 

theories that account for the mechanisms responsible for MHC-restricted antigen 

recognition and immune response gene defects, areas that are still characterized 

by controversy and speculation. 

STRUCTURE AND ORGANIZATION 

Structure of the a, B and y Chains 

The polypeptides encoded by the a, s, and y genes have significant structural 

homology to the immunoglobulin genes (29, 31-37). Many of the detailed 

structural features of these polypeptides have been inferred from the translated 

sequences of eDNA clones. The a, B and y chains are 30-37 kdaltons prior to both 

glycosylation and cleavage of the leader sequence. They can each be subdivided 

into seven regions: a hydrophobic leader region of 18-29 amino acids that is 

characteristic of all cell-surface and secreted proteins, a variable (V) segment of 

88-98 amino acids, a joining (J) segment of approximately 14-21 amino acids, a 

sequence of 87-113 amino acids that resembles an immunoglobulin constant (C) 

region, a connecting peptide of varying length, a transmembrane region of 

approximately 20-24 amino acids, and a small cytoplasmic region of 5-12 amino 

acids (Figure 1). The V and J segments together constitute the V regions which 

display significant structural similarity with immunoglobulin V regions, including a 

length of approximately 110 amino acids, a centrally positioned disulfide bridge 

spanning 63-69 amino acids, and several other conserved amino acids that are 

believed to be important for protein structure. The a and B chains both have a 
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cysteine located near their carboxyl terminus in the connecting peptide that 

probably participates in the known disulfide bond linking the a and B subunits of 

the heterodimer. The y chain also has a similar cysteine in the connecting peptide 

that may participate in a disulfide bond with another y chain to form a homodimer 

or possibly with another polypeptide to form a heterodimer. The B and y chain 

have one, and the a chain has two positively charged amino acids in its 

transmembrane region. The presence of charged amino acids in this hydrophobic 

stretch is unusual, although not unprecedented (38). One or more of the positive 

charges in a and B could form an ionic interaction with a negatively-charged 

aspartic acid in the transmembrane portion of the o chain of the TJ complex or 

possibly with other membrane proteins. 

Chromosomal Locations of the a, B and y Genes 

The chromosomal locations of the murine and human a, e, and y loci have 

been determined by a variety of techniques. The results of these studies are 

summarized in Table l. In mice, each of the three T -cell gene families that 

undergo rearrangement is encoded on a separate chromosome. The gene that 

encodes the murine Ca region is located on chromosome 14, bands C or D (39, 

40). A group of related V a region genes were shown to be linked to the Ca gene 

(40). In the human a gene family (41) and in the mouse (42, 43) and human (44-46) 

B gene families as well, all the data are consistent with chromosomal linkage of V 

and C genes. Thus, as in the three unlinked immunoglobulin gene families, V and 

C genes that are members of the same gene family yet separate in the germline 

(see below), are chromosomally linked. 

The genes that encode the c 6 regions in mice are located on chromosome 6, 

band B (45, 47), which also contains the immunoglobulin K gene family (48, 49) and 

the gene encoding the Lyt-2 molecule expressed primarily by MHC class !-specific 

of T cells (50, 51). Genetic analysis using monoclonal antibodies directed against 
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V 6 genes in one case (42, 52, 53), or a combination of both monoclonal antibodies 

and restriction fragment length polymorphisms in another (43), have shown that 

the a genes are approximately 10-13 centimorgans from the very closely linked 

Lyt-2 and CK genes. The murine y genes have been located to band A2 or A3 of 

chromosome 13 (40). 

The chromosomal locations of the human a, a and y loci have also been 

determined. As described for the mouse, in humans the three T -cell rearranging 

gene families are unlinked (Table 1). The a locus is located on chromosome 14, 

bands qll-12 (41, 54-57). The immunoglobulin heavy chain genes are also on 

chromosome 14, but they are located at band q32 (58) and therefore are not 

closely-linked to the a genes. The region of chromosome 14 containing the a 

genes is often rearranged in T -cell malignancies (59-61). Although there is so far 

no proof that these rearrangements directly involve either the a gene locus or 

oncogenes, they may be analogous to the proto-oncogene rearrangements observed 

in the immunoglobulin loci in B lymphocyte malignancies (62, 63). 

The relatively close linkage of the B and K chain genes in mice is not an 

essential feature of the organization of these gene families. The human a chain 

genes have been localized to chromosome 7 (44-46, 64-66) and the human K genes 

are found on chromosome 2 (67). Data from in situ hybridization studies indicate 

that the a genes are located on bands q32-35 of chromosome 7 (46, 65, 66), 

although in some individuals a significant amount of hybridization is observed on 

the short arm of chromosome 7 (bands pl5-21) (46). In the earliest study in which 

metaphase chromosome spreads from a single individual were analyzed, most of 

the observed grains were in fact located around 7p13-21, and relatively few were 

located near 7q32-35 (45). There is no simple explanation for the variable 

hybridization of a probes to the short arm of chromosome 7. Although the human 

y genes are located at chromosome 7 band pl5 (41), the a and y genes have 
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diverged extensively and should not cross hybridize. Chromosomal rearrangements 

with breakpoints that are close to the a, B and y gene loci are common in 

lymphocytes from ataxia telangiectasia patients (68). To a much lesser extent, 

such abnormalities are also seen in mitogen-stimulated T lymphocytes from 

normal individuals (69, 70), suggesting that fragile sites in these chromosomes are 

related to the sites that undergo normal gene rearrangements in T lymphocytes. 

Organization of the a, 6 and y Gene Families 

Using eDNA clones as probes, the organization of the a, 6 and y gene 

families has been characterized (Figure 2). As in the immunoglobulins, the genes 

that encode these molecules are actually composed of two parts: a variable gene, 

and a constant gene. The variable gene is composed of either two (V and J) or 

three (V, D and J) gene segments (71-76). Each gene family has multiple V and J 

gene segments and one to three constant genes (71-79). The V, D and J gene 

segments are separate in the germline and are brought together by DNA 

rearrangement during T -lymphocyte differentiation to form the complete V gene 

(71-76). This DNA rearrangement is mediated by rearrangement signals located 

directly 3' to the V gene segments, 5' to the J gene segments, and on either side of 

the D gene segments (71-78, 80-82) (Figure 3). The sequences of these 

rearrangement signals in the three families are similar to one another and to those 

found in the immunoglobulin gene families. These sequences are composed of a 

conserved heptamer, 5' CACAGTG 3', and a conserved A/T -rich nonamer, 

separated by a nonconserved spacer sequence of either 12 or 23 base pairs 

(Figure 3). The rearrangement signals of any two gene segments that can undergo 

joining are, with the exception of the spacer sequence, nearly inverse 

complements of one another and therefore these sequences on the same DNA 

strand can hypothetically base pair with one another (Figure 3a). As in 

immunoglobulin genes (83-85), DNA rearrangement is believed to occur only when 
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one gene segment has a rearrangement signal with a 12 base pair spacer 

(approximately one turn of the DNA helix and therefore denoted a one-turn signal) 

and the other gene segment has a 23 base pair spacer (approximately two turns of 

the DNA helix and designated a two-turn signal) (Figure 3b). 

Variable Gene Segments 

The germline variable (V) gene segments of the a, B and y gene families are 

composed of two exons separated by an intron of 100-400 base pairs. The first 

exon is approximately 49 base pairs in length and encodes most of the hydrophobic 

leader sequence, while the second exon of approximately 300 base pairs encodes 

the remaining five amino acids of the leader and the V segment which comprises 

the first 88-98 amino acids of the variable region gene (71-76). All of the a, s and 

y V gene segments have a two-turn signal for DNA rearrangement immediately 

adjacent to their 3' ends, as do the immunoglobulin V H and VA. gene segments (85) 

(Figure 3). The rearrangement of a particular V 
6 

gene segment deletes others 

from the same chromosome, suggesting that many V 6 gene segments are located 5' 

of both the deleted V 8 gene segments and the c 8 genes (R. Barth and J. 

Goverman, unpublished data). However, the murine B locus has V 8 gene segments 

distributed both 5' and 3' of the c 8 genes. One V 8 gene segment is located 10 kb 

3' to c 82 in reverse transcriptional orientation (Figure 2) and is utilized by a 

functional T -cell clone (86). It is not known if other V 8 gene segments are located 

3' of the c 8 genes. The orientation of the V a and V Y gene segments, as well as the 

V H and V L gene segments, to their respective C genes is also unknown. 

Figure 4 shows the amino acid sequence of the 16 known murine V 8 gene 

segments. Like the immunoglobulin V gene families, the T -cell antigen receptor V 

gene families can be divided into different subfamilies, each consisting of closely 

related V gene segments more than 75% similar in DNA sequence (87-89). The 16 

mouse V 8 sequences constitute 14 different subfamilies. We have proposed an 
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arbitrary but simple numerical nomenclature for the V 
6 

gene segment subfamilies 

and gene segments (88) which is presented in Figure 4. According to this nomen-

clature, members of the same subfamily share the first digit and differ in the 

second; therefore V 68.1' V 68•2 and V 68•3 are all members of the V 68 subfamily. 

The mouse V 6 gene family is unique in that hybridization of Southern blots with V 6 

gene segment probes has shown that it consists of a large number of single-

member gene subfamilies. Of the 14 V 6 subfamilies, 12 are single copy, and the 

remaining two have only three members each (87-89). One of the three member 

subfamilies is V 68, and the other is V 65 , although only one of the three members 

of the V 65 subfamily has so far been cloned and sequenced. In contrast, the 

murine V K and V H gene segment subfamilies contain four to 50 or more members 

(90-92). Although the sizes of the V 6 subfamilies are small, there are a larger 

number of known subfamilies than found in murine immunoglobulin genes, where 

only seven V H subfamilies and eight V K subfamilies have been identified (90-92). 

It is not yet known whether human V 6 gene segment subfamilies are organized 

similar to those of the mouse. At present only one human subfamily with five 

members has been characterized (93). 

A compilation of the known murine V a gene segment sequences is presented 

in Figure 5 (31, 33, 94, 95). The amino acid sequences shown were translated from 

the nucleotide sequence of 22 different eDNA clones. The 22 sequences can be 

grouped into 11 subfamilies, and Southern blots have shown these families consist 

of one to 10 members each (94, 95). The V a gene family is therefore similar to 

the V K and V H gene families in that, with one exception, all the V a gene segment 

subfamilies have multiple members. A numerical nomenclature for the mouse V a 

gene segment subfamilies has been proposed (94), as was done for the V 6 genes 

(Figure 5). The murine V family contain at least one subfamily of three 
y 

members, only one of which appears to be utilized frequently (73) (see below). 
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Two of the three members of this V Y gene segment subfamily have been linked and 

are in opposite transcriptional orientations (73). 

Comparisons of the different V a or V 8 gene segments reveal that they can 

be quite diverse, differing from other gene segments in the same gene family by 

as much as 70% in DNA sequence and 84% in protein sequence (87-89, 93-95). 

This is somewhat more diverse than what is observed in the immunoglobulin V 

gene families, where the most divergent V gene segments of the same family 

differ by as much as 76% in protein sequence (90-92). Despite this diversity, the 

V 6 and V a genes both have conserved amino acids that are also conserved in 

immunoglobulin V gene segments (see below). 

Diversity Gene Segments 

Two murine D 6 gene segments have been characterized (F igure 2). The 

more 5' gene segment, D 61 , is 12 base pairs long and is identical in sequence in 

mice and humans (80-82), and the more 3' gene segment, D62 is 14 nucleotides 

long (82). The sequences of both murine D6 gene segments are G-rich and similar 

to each other. The D8 gene segments have one-turn recognition signals for DNA 

rearrangement in their 5' flanking regions and two-turn recognition signals in their 

3' flanking region (Figure 3) and each is located approximately 500-600 nucleotides 

upstream to a cluster of J 6 gene segments (80-82). 

No germline Da and DY gene segments have been isolated and it is not known 

whether such gene segments exist. Sequence analysis of both germline and 

rearranged a and y gene segments shows that generally all but a few nucleotides in 

the V-J junctional regions are encoded by the germline gene segments (73-76). 

These additional nucleotides could be encoded by D gene segments, or they could 

be the result of other mechanisms that add random nucleotides to the junctional 

region in the process of joining the gene segments (see below). 
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Joining Gene Segments 

In the mouse there are 14 J 8 gene segments, at least three JY gene segments 

and perhaps more than 50 J a gene segments (71, 73-78) (Figure 2). All of the 

functional T -cell receptor J gene segments have one-turn recognition signals for 

DNA rearrangement in their 5' flanking regions (Figure 3) and a splice-donor signal 

at their 3' boundary that in the primary transcript permits splicing of the joined 

V-J to the C region sequences. The J 8, Ja and JY gene segments contain 15-17, 

19-21 and 19 codons respectively, as well as parts of two other codons at their 5' 

and 3' ends (Figure 6). As in the variable gene segment, the Ja, J 8 and JY gene 

segments encode several conserved amino acids that are also present in 

immunoglobulin J segments and that are believed to be important for the 

structure of the immunoglobulin variable regions (see below). Interestingly, the T

cell receptor J gene segments are considerably more diverse in their 5' ends than 

the immunoglobulin J gene segments (Figure 6). This extra variability occurs in a 

portion of the molecule that for immunoglobulins falls within the third 

hypervariable region. 

The murine J 8 gene segments are grouped into two clusters, J 81 and J 82, 

each containing six functional gene segments and one nonfunctional gene segment 

(Figure 2). The J 8 gene segments in each cluster are separated by 36-421 bp and 

are located 2-3 kb 5' to their respective C 8 genes (71, 77, 78). Nucleotide 

sequence analysis of 27 ]a-containing eDNA clones has identified 22 different 

segments, implying that the repertoire of Ja gene segments is perhaps larger than 

50 functional gene segments, and therefore much larger than that of the 8 locus 

which has 12 functional J gene segments, and the murine immunoglobulin gene loci 

which each have 3-4 functional J gene segments (94, 95). In addition, the 

organization of these gene segments is unique in that the mouse and human Ja 

gene segments are distributed over a large stretch of DNA (74-76). In mouse, the 
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Ja gene segments, span from 3 kb to greater than 63 kb 5' to the ca gene (75) 

(Figure 2). Thus a V a gene segment that rearranges to one of the Ja gene 

segments at the 5' end of the cluster, will be expressed on a very large primary 

transcript that would include a 63 kb intron. Preliminary data indicate the Ja 

gene segments are also further apart from one another than either the J 
6

, JH or 

JK gene segments, as sequence analysis indicates that no two Ja gene segments 

studied to date are closer to one another than 500 base pairs (74-76). There are at 

least three murine J gene segments; these are not organized in a J gene segment y 

cluster, but instead each one is linked 3-4 kb 5' to a different CY gene (73). 

Therefore the J -C gene organization is similar to that of the immunoglobulin X y y 

genes (Figure 2). 

Constant Region Genes 

C8 GENES In mice and humans there are two C8 genes, denoted c 61 and 

c 82 (77, 78, 96-99). The 8 locus is a tandem duplication of one 0 8 gene segment, 

a cluster of seven J 8 gene segments and a c 6 gene (Figure 2). The two c 8 genes 

are very homologous to each other. In mouse the proteins encoded by these genes 

differ by four amino acids, in humans they differ by six, and in both species the 

differences are concentrated towards the 3' end of the gene (77, 78, 97, 99). In 

addition, the two human c 8 genes share nucleotide sequence similarity extending 

into some of the introns (99). The similarity between the two mouse and human 

c6 genes could be due to either a recent duplication between these genes, 

selection for a conserved nucleotide as opposed to protein coding sequence, or 

gene conversion events. Because the similarity between the two C 8 genes does 

not include all of the introns nor the 3' untranslated regions, the two c 8 genes 

cannot have resulted from a recent gene duplication. Although selection for a 

nucleotide is possible, it is more likely that relatively recent gene conversion 



170 

events in each species are responsible for the similarity between the two C 6 genes 

in each organism. 

The murine and human C6 genes are encoded by four exons that, in contrast 

to the immunoglobulin C genes, do not correlate with the presumed functional 

domains of the constant region (77, 78, 99) (Figure 7). In the mouse, the first exon 

is 375 base pairs in length and encodes a block of 113 amino acids with homology 

to immunoglobulin constant regions followed by the first 12 amino acids of the 

connecting peptide. This is the only instance in which a block of sequence 

homologous to an immunoglobulin V or C region is not encoded in a separate exon 

in the immunoglobulin gene superfamily (see below). The 113 amino acid sequence 

contains two cysteines that could form a disulfide bond spanning 60 amino acids 

and is most homologous to the C:x, genes (37%) and the first domain of the 

immunoglobulin y heavy chain constant regions (32-36%) (78). The remainder of 

the connecting peptide is encoded by a second exon of 18 nucleotides and a portion 

of the third exon of 107 base pairs. In immunoglobulin heavy chain constant 

regions the second exon encodes a proline-rich hinge region that permits 

flexibility in the constant region (100-105). Although the second exon of the c6 

gene is positioned in approximately the same place as is the heavy chain hinge 

exon, it does not encode any prolines and thus does not resemble a hinge region. 

The remainder of the third exon encodes most of the transmembrane region, which 

consists of neutral and nonpolar amino acids, with the exception of a single 

lysine. The fourth exon of 179 base pairs encodes one amino acid of the 

transmembrane region, a 5-6 amino acid cytoplasmic region and the 3' 

nontransla ted region. 

Ca GENE There appears to be only one Ca gene in both mice and humans 

(37, 74-76). Like the c6 genes, the Ca gene consists of four exons (Figure 7). In 

the humans, the first ex on is 261 bp long and encodes the region that 1s 
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homologous to immunoglobulin constant regions. However in the Ca gene this 

region is only 87 rather than 113 amino acids long and it contains a cystine bridge 

spanning only 49 amino acids, as opposed to the typical 60-75 amino acids. The 

second exon is 45 bp long and encodes 15 amino acids of the connecting peptide. 

The third exon, 108 bp, encodes the remainder of the connecting peptide, the 

transmembrane region, and a short cytoplasmic region, while the fourth exon 

encodes a 3' nontranslated region of 558 bp (76). 

Cy GENES There are three murine Cy genes (73). One of these Cy genes is 

a pseudogene in that a mutation in a donor splice recognition signal would 

probably prevent successful splicing of a CY transcript. In humans, there are two 

C genes that are separated by approximately 6 kb of DNA (106) Unlike the C 
Y a 

and c8 genes, the murine CY gene has only three exons (73) (Figure 7). The first 

exon, 330 bp long, encodes the region with homology to immunoglobulin constant 

regions; the second, 30 bp long, encodes a portion of the connecting peptide; the 

third, 545 bp long, encodes the remainder of the connecting peptide, the 

transmembrane sequence, a 12 amino acid cytoplasmic region, and the 3' 

nontransla ted region. 

EVOLUTION 

Immunoglobulin Gene Superfamily 

A gene superfamily is a set of multigene families and single copy genes 

related by sequence, implying a common ancestry, but not necessarily related in 

function (107, 108). The immunoglobulin and T -cell rearranging gene families are 

members of the immunoglobulin gene superfamily-named after the first well

studied members of this family (109). Over the past five years, gene cloning and 

nucleotide sequence analyses have lead to the identification of a number of other 
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genes that are members of this superfamily on account of their sequence 

similarity with immunoglobulins. Therefore the immunoglobulin gene superfamily 

now includes the three B-cell and the three T -cell rearranging gene families; the 

MHC-encoded class I heavy chain (110, 111) and class II (112, 113) genes; and a 

number of single copy genes including Thy-1 (108, 114) and MRC-OX2 (115), 

antigens of unknown function that are expressed in brain, in thymus and on other 

cell types; the poly-Ig receptor, which transports polymeric IgA and IgM 

immunoglobulin across mucous membranes ( 116); the T -cell accessory molecules 

T4 and T8 (116a, 117, 118); and aTmicroglobulin that is expressed in association 

with the heavy chain of the MHC class I molecule (119) (Figure 8). 

Immunoglobulin Homology Unit 

The polypeptide members of this gene superfamily are all constructed of one 

or more immunoglobulin homology units. Each homology unit is approximately 110 

amino acids long and has several conserved amino acids and a centrally placed 

cystine disulfide bridge usually spanning 60-75 amino acids. From sequence 

analyses, it can be predicted that the immunoglobulin homology units all probably 

form a conserved tertiary structure denoted the antibody fold, which is composed 

of two sheets of three to four antiparallel a-pleated strands (120). Pairs of 

homology units can fold together in turn to create discrete polypeptide domains 

(e.g., V L -VH or CL -CH) characteristic of immunoglobulins. Thus the tertiary 

structure of one homology unit appears to facilitate interactions with a second 

homology unit to form a functional domain. At the DNA level, nearly every 

homology unit is encoded by a separate exon, demonstrating a correlation between 

the distinct structural features of these proteins and the exon-intron structure of 

the corresponding genes. 
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Genealogical Tree 

A genealogic tree has been constructed for the immunoglobulin gene 

superfamily by assuming that evolutionary relatedness correlates with both the 

degree of sequence similarity among the members and with other features such as 

intron-exon structure and the ability to undergo DNA rearrangements (109) 

(Figure 8). The figure illustrates the hypothesis that many of the molecules 

important for the vertebrate immune response are encoded by genes that 

descended from a single ancestral sequence. According to this analysis, one of the 

earliest events in the evolution of the gene superfamily was a duplication leading 

to the divergence of V and C exons. Contemporary V and C homology units have 

little primary sequence similarity, suggesting an ancient divergence, although in 

immunoglobulins they retain similar tertiary structures. V and C homology units 

can be distinguished from one another by their length and by the presence of 

certain V- or C-specific conserved amino acids. Members of the immunoglobulin 

gene superfamily are composed of different numbers of either V and/or C 

homology units. A second critical early event was the acquisition of the ability to 

rearrange DNA, which may have arisen from the capture of a complex transposon 

by a primordial V gene ( 121 ). 

REARRANGEMENT AND EXPRESSION OF a, B AND y GENES 

A large panel of lymphoid cells have been tested for rearrangement and 

expression of T -cell receptor a, B and y genes. Several questions have been 

addressed by these analyses. First, in light of the dual specificity of T 

lymphocytes for antigen and self-MHC-encoded molecules, is it possible that two 

T -cell antigen receptor molecules are expressed on individual T cells? This could 

occur if other receptor gene families besides a and s are expressed, or if the 

expression of the V genes in at least one of the defined receptor gene families is 
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not subject to allelic exclusion. Second, are there antigen receptor isotypes that 

are associated with the different functional categories of T lymphocytes? Finally, 

are gene segment rearrangements regulated so that they occur in a well-defined 

progression, and, if so, what insight does it give us into the ontogeny of T 

lymphocytes and into possible mechanisms leading to allelic exclusion? 

Tissue-specific DNA Rearrangements 

The available data summarized above indicate that the rearrangement 

processes in the immunoglobulin and T -cell specific gene families are quite 

similar. As mentioned above, similar recognition sequences for DNA rearrange

ment are used in all six gene families (Figure 3), and the one-turn to two-turn rule 

of the recognition sequences for gene segment joining is always followed. In 

addition, the rearrangement processes in B and T cells are imprecise, resulting in 

the addition and/or deletion of nucleotides at the junction of the joined gene 

segments (see below). In spite of these similarities, the complete rearrangement 

of T -cell antigen receptor and immunoglobulin genes appear to be tissue-specific. 

Approximately 10% of mouse T lymphocytes have DH-JH rearrangements (122-

126), but V H ( 127 -130) and light chain gene segments do not rearrange in these 

cells (122, 131). Similarly, only six cell lines out of a sample of more than 100 B 

lymphocyte tumors and hybridomas that were examined have undergone a gene 

rearrangement (F. Alt, M. Kronenberg, R. Perlmutter, unpublished observations 

and refs. 132, 133, 134) and there is no evidence to indicate that these events lead 

to the production of a functional a polypeptide. Insight into this tissue-specific 

regulation has emerged from studies in which DNA constructs containing unjoined 

D a and J a gene segments were introduced into B-e ell lines that carry out 

immunoglobulin gene segment rearrangements (G. Yancopoulos, K. Blackwell, L. 

Hood & F. Alt, unpublished data). In these cells, the a gene segments are 

rearranged in a site-specific fashion as efficiently as DH and JH gene segments 
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introduced in a similar manner. These data suggest that the DNA recombinational 

machinery in B and T cells is very similar and that other cell type-specific 

features such as chromatin structure may determine which gene families 

rearrange in the two cell types. 

Mechanisms of DNA Rearrangement 

Several mechanisms have been proposed to account for immunoglobulin gene 

segment rearrangements (Figure 9). The DNA between gene segments may loop 

out, the stem of this loop being formed by base pairing between the recognition 

signals for DNA rearrangement (Figure 3a). The stem-loop structure may then be 

excised to complete gene segment joining. Most of the rearrangements in the 

immunoglobulin heavy chain gene family result in the deletion of the DNA 

sequences between the joined gene segments and are therefore consistent with the 

deletion model (135). However, K gene rearrangements often appear incompatible 

with this deletion model (136-141) and consequently three other models for 

rearrangement have been proposed: homologous but unequal sister chromatid 

exchange (137, 138, 140), inversion (139, 142, 143), and reintegration of the 

deleted sequences ( 136, 137) (Figure 9). 

Several of these models are required to explain the rearrangements that 

occur in the 8 gene family. Although the majority of T cells (24/37) that were 

analyzed in detail had a 8 gene rearrangement pattern that is consistent with the 

deletion model, 13 out of 37 T cells had Southern blot patterns that could not be 

explained in this way ( 144). In some cases, the DNA in the region between joined 

gene segments was retained in the genome, an observation consistent with any one 

of the three additional models (144). In other cases, a partial duplication of the 

J
8
-c

8 
locus was observed, an observation consistent only with homologous but 

unequal sister chromatid exchange (144, 145). 

The detailed analysis of all the 8 gene segment rearrangements in one T H 



176 

cell line has shown that the V 13 gene segment expressed in this cell had rearranged 

by inversion (86). As noted above, in germline DNA one of the V 13 gene segments, 

v 1314' is located 10 kb 3' to the cl32 gene and in the opposite transcriptional 

orientation to the J 13 gene segments and c 13 genes (Figure 2). Two different 

mechanisms were required to form the complete V 13 gene in this cell (Figure 10). 

First, the D 131 gene segment joined to the J 132•3 gene segment via a deletion or 

homologous but unequal sister-chromatid exchange. The V 1314 gene segment then 

rearranged, inverting a 15 kb sequence of DNA. One inversion breakpoint contains 

the joined V 13-D 13-J 13 gene, while the other encompasses the reciprocal 

recombination product containing the heptamer 3' of the V 13 gene segment joined 

to the heptamer 5' of the D 131 gene segment (86). Thus, taking into account all the 

data, it appears that all three of the mechanisms depicted in Figure 9 may be 

employed for a gene rearrangements. 

The detailed mechanisms of rearrangement in the a and y gene families have 

not been so well characterized. It is also not clear why rearrangements in some of 

these gene families are always characterized by deletions, as observed for the 

immunoglobulin heavy chain genes, while in others, such as the k and a gene 

families, different mechanisms also appear to operate. Any V gene segment such 

as V al 4 that is in the opposite orientation to the J gene segments, must undergo 

an inversion in order to be expressed. Perhaps an inversion of germline DNA that 

included some V gene segments occurred during the evolution of both K and 13 gene 

families, therefore requiring a second inversion as a mechanism for their somatic 

rearrangement and expression. The factors that might facilitate unequal sister 

chroma tid exchanges in some but not other gene families, however, are unclear. 

Allelic Exclusion 

The rearrangement of a genes in T cells normally occurs on both 

chromosomal homologues. In a panel of 37 clonal T lymphocyte lines, only 3% of 



177 

the J B 1 gene segment clusters and 13% of the J 82 gene segment clusters were in a 

germline configuration (144). Densitometric analysis of Southern blots from 

heterogeneous T -cell populations demonstrates that normal T cells also display a 

similar degree of B gene rearrangement (146, 147). 

Southern blot analysis of three T cell lines and the isolation of all the 8 gene 

rearrangements from three others, indicates that each of these six T cells can 

express only a single VB gene (86, 144, 148). Therefore, although B gene 

rearrangement occurs on both chromosomal homologues, the expression of these 

genes may be allelically excluded in that only one allele is productively rearranged 

and used in the synthesis of a functional B chain in individual T cells. Whether a B 

gene rearrangement is productive is determined by the joining of the VB gene seg

ment, which sets the trans Ia tiona! reading frame of the J B gene segments. Since 

only one of the three possible translational reading frames is productive for each 

J B gene segment, and because of the apparently random addition and deletion of 

nucleotides at the V B-OB junction, in two-thirds of the V B-DB-JB rearrangements 

the J gene segments will not be in the proper translational reading frame. 

The a and y gene rearrangements generate junctional and possibly N-region 

diversity as well (73-75, 149) (see below). As a consequence, many rearranged 

genes in these families should not be in the proper translational reading frame. 

There is not yet enough information to determine whether a and y gene re

arrangements are allelically excluded, although this seems likely. Southern blots 

of four cytotoxic T -cell clones initially analyzed showed they had undergone y 

chain gene rearrangements on both homologues (31), and one of these T -cell clones 

that was analyzed in more detail had one productive and one nonproductive y gene 

rearrangement (149). 
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Beta Gene Rearrangements in Different Cell Types 

HELPER AND CYTOTOXIC T CELLS AND T -CELL TUMORS B gene re

arrangement is nearly ubiquitous in human and murine T cells. In humans, 4/4 

helper T -cell lines, 7/7 cytotoxic T -cell lines, one cell line with both cytotoxic and 

helper function (150, 151), and 65/71 T-cell tumors exhibited B gene rearrange

ment (132-134, 152). The remaining six tumors had germline B genes and they may 

be similar to immature T cells, or they may not in fact belong to the T -cell 

lineage. Similarly, in the mouse 28/28 helper T-cell lines and hybridomas, 16/16 

cytotoxic T -cell lines, and 14/14 T -cell tumors exhibited B gene rearrangements 

(144, 153). Therefore all cytotoxic and helper cells rearrange and probably 

express B chains, although in many cases there is no conclusive evidence that 

these rearrangements are productive. 

SUPPRESSOR T -CELLS Suppressor T cells are defined by a number of 

different and complex immunological assays. Of 15 mouse suppressor T -cell 

hybridomas tested, two exhibited B gene rearrangements, one had germline 6 

genes, and the remaining 12 hybrid cells had apparently deleted the 6 gene loci 

from both chromosomes that were contributed by the suppressor T -cell fusion 

partner (144, 153). Therefore, the T S cells in these cases do not utilize the 6 

chain in their antigen receptors. In contrast, five of five human suppressor T -cell 

lines tested exhibit 6 gene rearrangements and there is evidence indicating that 

some of these cells express a typical a/6 heterodimer (150, 151, 154). These data 

imply that there may be several classes of T S cells, only some of which utilize the 

6 genes, although other explanations are possible. 

NATURAL KILLER CELLS Lymphoid cells that spontaneously exhibit cyto

toxic activity against a variety of tumor and nontransformed cell types, are known 

as natural killer (NK) cells. NK cells can have several 6 gene phenotypes. Cloned 

murine NK lines that are cultured in the presence of IL-2 have 6 gene rearrange-
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ments and transcripts (155), although several rat large granular lymphomas that 

display NK activity have germline e genes (156). Peripheral blood cells from 

normal human donors that express cell-surface markers characteristic of NK cells 

also had e gene rearrangements, although there was significantly less rearrange

ment than was observed in T -cell populations (147). This result is consistent with 

the results of an analysis of a panel of human clones with NK activity, those that 

express T3 have e gene rearrangements and a transcripts, while those that do not 

express T3 have no a transcripts and may only have De-Je rearrangements (157). 

Collectively these results indicate that NK cells are a mixed population with 

regard to e gene rearrangement, and that expression of an a/ e heterodimer is not 

required for NK activity. It remains possible, however, that in some cases T -cell 

antigen receptors participate in the recognition of NK target molecules. 

Transcription of Beta Genes 

There are two predominant size classes for the e transcript: a 1.3 kb RNA 

that contains aVe gene and a 1.0 kb RNA that does not (82, 144, 150). The 1.0 kb 

transcripts appear to be derived from rearrangements that joined a De to a Je 

gene segment in the absence of a V e gene segment rearrangement (82). In the 

mouse, both Del and De2 gene segments have been identified in eDNA clones that 

contain De joined to Je gene segments but that lack V e gene segments, implying 

that promoters exist in the 5' flanking regions of both germ line D a gene segments 

(81, 82). Because the transcribed 5' flanking regions also contain open reading 

frames and an in-frame methionine codon that could serve as a start-signal for 

translation (82), the sequences of these rearranged De-Ja genes could encode 

truncated polypeptides containing sequences 5' to the De gene segments, as well 

as De' J a and C a sequences. Although there is so far no evidence for these 

truncated s polypeptides, in immunoglobulins the analogous DH-JH rearrange

ments do give rise to both transcripts and truncated polypeptides containing the 
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C gene product (158). Other transcripts that may be derived from unrearranged 
]J 

genes and several aberrantly spliced B transcripts have also been observed (R. 

Barth, unpublished observations and ref. 159). 

Alpha Gene Rearrangement and Transcription 

The CCL gene is transcribed in a variety of cell types including helpers, 

cytotoxic cells, many tumors, and the T3 positive NK clones mentioned above. 

Two size classes of CL chain RNA have been described, a 1.7 kb transcript that 

contains V CL sequences and a 1.4- kb transcript (32, 33). By analogy with the B 

chain genes, the shorter transcript could be derived from a DCL -JCL rearrangement 

or from a JCL -CCL transcript initiated by a promoter 5' to the JCL gene segment. 

Consistent with the latter hypothesis is the identification of a eDNA encoding a 

germline JCL -CCL transcript (A. Winoto, unpublished). The levels of CL and B RNA in 

peripheral T cells are roughly equivalent (32, 146, 160). However, the thymus 

contains far more B than CL RNA, consistent with the hypothesis that the a genes 

rearrange and are expressed before the CL genes (32, 146) (see below). 

Gamma Gene Rearrangement and Transcription 

Transcripts containing y gene sequences were found in 4/4 cytotoxic cells 

tested, but in only 1/10 helper T -cell lines and hybridomas (31, 149) and none of 

the human NK clones tested (157). This pattern of expression suggests that the y 

chain and MHC class I recognition or antigen-specific T -cell cytqtoxicity are in 

some way linked. Compared to B transcripts, y RNA is at least 10-fold less 

abundant in both adult thymocytes and peripheral T cells (32, 146, 160). 

While transcription of y gene is confined primarily to cytotoxic cells, y gene 

rearrangement is equally prevalent in both helper and cytotoxic T -cell 

populations. DNA prepared from Lyt-2 positive cells that are predominantly 

cytotoxic and suppressor T cells, and DNA prepared from L3T4 positive cells that 
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are predominantly helper T -cells, had approximately the same amount of y gene 

rearrangement (149). In addition, 8/10 IL-2 producing T -hybridomas restricted by 

class II MHC molecules have y gene rearrangements and no germline y 

chromosomes (R. Haars, J. Kobori, N. Shastri, unpublished data and ref. 149). The 

other two hybrid cells deleted the y genes that were not derived from the BW5147 

fusion partner. All of the T4+, T8- human cell-lines tested also had y gene 

rearrangement (106). It is not yet known whether any of these rearrangements are 

productive. 

All or most of the y gene rearrangements in murine T cells are similar, 

suggesting that murine V Y and JY gene segment diversity is quite limited (146, 

149). In the human, most cell lines have different rearrangements, suggesting that 

V gene segments may be more diverse (106). 
y 

T-Cell Receptor Isotypes 

Isotypes are defined as multiple nonallelic forms of constant region genes. 

The immunoglobulin heavy chain gene locus is characterized by several C region 

isotypes that participate in different effector functions (reviewed in 161). There 

is no evidence for Ca isotypes; only one Ca gene hybridizes with the available 

probes (37, 74, 75), and this Ca is transcribed in a variety of cell types (32, 33). 

The Cal and ca2 genes are isotypes, yet there is no evidence that expression of 

either one of these two Ca genes is related to the ontological development of a 

T cell (146, 160), its function or the specificity for either antigen or MHC 

molecule. For example, both helper and cytotoxic T cells can express either the 

Cal or the Ca2 genes (144). The Caz transcript is more abundant than Cal in 

RNA from lymphoid tissues (146), and T-cell clones use the ca2 gene more often 

than the c 8 1 gene (88, 144). However, this bias probably reflects an inherent 

statistical bias for rearrangement of 0 8 gene segments to the J 82 gene cluster 

(see below). Finally, the functional equivalence of Cal and c 82 is best 
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demonstrated by NZW mice that lack a Cal gene, as well as Da2 and Ja 2 gene 

segments, and have apparently normal T -cell function (162). Since it appears that 

all helper and cytotoxic and some suppressor T cells employ an a/ a heterodimer, 

the T -cell antigen receptor apparently lacks the equivalents of both functional 

heavy chain isotypes and the immunoglobulin heavy-chain class switch. 

Unlike expression of the a and a genes, the pattern of y gene transcription 

suggests that expression of this molecule, possibly in association with some other 

cell-surface protein, is related either to class I MHC recognition or cytotoxic 

function. Analysis of y gene expression in MHC class H-specific cytotoxic T cells 

should establish whether the type of MHC molecule recognized or T -cell function 

correlates better with expression of this molecule. The lack of y gene transcripts 

in some cell types, however, raises the possibility of an isotypic y chain functional 

equivalent that could be expressed by these cells. 

THE ONTOGENY OF T -CELL ANTIGEN RECEPTOR REARRANGEMENT AND 

EXPRESSION 

The ontogeny of a, a and y gene rearrangement and expression in fetal and 

adult cells has been studied by several groups. Two major issues have been 

addressed by these studies. First, do rearrangements occur in a sequence of steps 

as is the case in the three immunoglobulin gene families? If rearrangements occur 

in this manner it might be possible to unambiguously assess the developmental 

stage of some T cells by determining which gene families had and which had not 

rearranged. Second, when and where in development are these genes first 

expressed? 

Ordered Rearrangement and Expression 

ORDERED EXPRESSION OF IMMUNOGLOBULINS The study of the 
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developmental control of T -cell antigen receptor and y gene rearrangement and 

expression has been influenced by studies on the ontogeny of immunoglobulin 

rearrangement and expression in B cells. Based on these immunoglobulin gene 

studies, a regulated model for the rearrangement of gene segments in B cells has 

been proposed that accounts for the observed rearrangements in developing B cells 

and proposes a mechanism for allelic exclusion. Immunoglobulin rearrangement 

and expression can be divided into four separate stages (reviewed in 163). The 

first stage, DH-JH rearrangement, occurs in pre-B cells and is believed to be 

independent of allelic exclusion (135, 164). The second stage involves the 

rearrangement of the VH gene segment to the joined DH-JH gene segments. 

According to the regulated model, if this second rearrangement event is non

productive, further gene segment rearrangements occur on the other chromosomal 

homologue 035). A productive V H-DH-JH rearrangement is believed to inhibit 

further heavy chain gene rearrangements; it has been proposed that the synthesis 

of a heavy chain polypeptide plays a role in this process (165). The third step 

involves the rearrangement of the V K and J K gene segments ( 166). Because this 

appears to require productive heavy chain gene rearrangement, the heavy chain 

polypeptide may also play a role in activating gene rearrangement in this family. 

The successful rearrangement and expression of a K protein and the subsequent 

formation of a complete cell-surface immunoglobulin molecule is believed to be 

involved in the termination of further K rearrangements (167, 168). The fourth 

step is the rearrangement of the x light chain genes, which only occurs if the K 

genes have rearranged nonproductively on both homologues (167, 169). 

FETAL TISSUES AND T CELLS To determine if there is an order to the 

rearrangement and transcription of the a, 6, and y genes, RNA and DNA from the 

appropriate fetal tissues have been hybridized with DNA probes. The results of 

these studies are summarized in Table 2. The mouse has a gestation period of 
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approximately 20 days, and immunocompetent thymocytes can be detected shortly 

before birth (170). The thymus itself develops from nonlymphoid cells in the 

pharyngeal pouch and cleft, and other tissues, and is first seeded by lymphocytes 

around the eleventh day of gestation ( 171). Most of the prethymic cells originate 

in the fetal liver. The thymus increases dramatically in cell number between 

day 12 and day 18, due to both cell migration from fetal liver and proliferation of 

thymocytes. 

Analysis of the transcripts present in fetal tissues indicates that y RNA 

appears first, followed by a and finally a, and that the level of y RNA decreases 

around the time that the a message appears (146, 160, 172, 173) (Table 2). 

Although no transcripts were detected in fetal liver from any stage, y RNA could 

be detected in day 14 fetal thymus, the earliest day tested (146). At this stage, 

the thymus contains mostly developing T cells. The Lyt-2 and L3T4 molecules are 

not yet expressed (174-176), but most day 14 fetal thymocytes express the Thy-1 

antigen (175, 176), and some express IL-2 receptors (177, 178). No Ca RNA can be 

detected at this stage (146, 160, 173). A 1.0 kb transcript derived from D
13
-J

13 

rearrangements is present, but 1.3 kb transcripts containing V 6 genes can first be 

barely detected on day 15 (146, 172). On day 16, a relatively large amount of 1.3 

kb s gene RNA is present ( 146, 160, 172) and a gene transcripts can be detected, 

although most of the a RNA is found in the shorter 1.4 kb RNA transcript (146). 

Substantial levels of both a and B RNA are present by day 17 (146, 160, 172, 173). 

The presence of significant amounts of complete a and B gene transcripts on day 

17 is consistent with biochemical and immunochemical studies demonstrating that 

cell-surface expression of a/ s heterodimers can first be detected on this day ( 172, 

179). 

Analysis of DNA prepared from fetal organs or from hybridomas made by 

fusing fetal cells with the BW5147 T lymphoma indicates that the order of re-
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arrangement of the a and y genes in fetal tissues is consistent with the order of 

expression: namely, V joins to a J gene segment, around the same time or soon 
y y 

afterward Da-Ja gene segment joining occurs, followed by V a rearrangement (146, 

180). 

IMMATURE ADULT THYMOCYTES Experiments on selected populations 

of adult thymocytes have yielded results similar to those obtained with fetal 

thymocytes of day 14-16 gestation. The Lyt- z-, L3T4- or double negative 

subpopulation resembles fetal thymocytes from days 14-15 gestation in that both 

populations do not express the Lyt-2 and L3T4 antigens, both are rapidly dividing, 

and both probably rearrange and express the a, a, and y genes in a similar order 

(160, 181, 182) (Table 2). These double-negative cells, which are thought to give 

rise to the other thymus subpopulations (reviewed in 183, 184), have large amounts 

of y (160) and very little, if any, a RNA (181, 185). In addition, although most of 

the cells in the adult thymus have already undergone a gene rearrangements on 

both homologues, some of the double-negative cells have germ line a genes ( 181, 

182). A subpopulation of the double negative cells expresses the cell-surface 

antigen Pgp-1, which is also found on bone marrow cells and on many day 14-15 

fetal thymocytes. This subpopulation, which may represent the earliest lineage in 

the adult thymus, has almost no a gene rearrangement (182). Therefore, despite 

the fact that the different immature subpopulations are a minute fraction of the 

adult thymus and are difficult to separate from one another, the y-a-a progression 

also appears to occur in these cells. 

In summary, although it is still controversial as to whether a single 

differentiation pathway characterizes T -cell development, or whether cortical and 

medullary cells differentiate separately (11, 12, 184, 186), the results are 

consistent with a single ordered pathway for the rearrangement of y, then a and 

then a genes in all T cells (Figure 11). In the proposed pathway, the V Y genes 
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rearrange and are transcribed first, followed by rearrangement and transcription 

of joined Da-Ja gene segments, followed by rearrangement and transcription of 

V a gene segments and then finally by rearrangement and transcription of Vex gene 

segments. If either Dcx or DY gene segments exists, then further discrete steps 

may be identified. The proposed pathway is well supported by the analysis of 

whole organs, cell populations and a large number of hybridomas; however, there 

is so far no T -cell equivalent of the Abelson-transformed B-cell lines and, 

therefore, the differentiation steps that a single cells undergo cannot be directly 

followed. 

The apparent regulation of gene rearrangement in T cells is consistent with 

the model described for immunoglobulin genes. As outlined above, according to 

this model rearrangement proceeds in a stepwise fashion, the result of a particular 

step is tested before proceeding to the next step. Applying this model to T cells, 

a productive V a gene segment rearrangement may shut down further V a gene 

segment rearrangement through the synthesis of a a polypeptide, while a 

nonproductive rearrangement does not. Applying this model further, it is possible 

that a productive a gene rearrangement is a prerequisite for ex gene 

rearrangement. However, y gene rearrangment may be regulated differently, 

because although this gene family rearranges early, data from helper cells 

suggests that productive y gene rearrangement may not be required for further T

helper cell development. We might therefore speculate that productive y gene 

rearrangement is a developmental switch-point, in that cells with productive y 

rearrangements tend to become either MHC class I restricted or cytotoxic cells, 

while cells with only nonproductive rearrangements tend to become MHC class II 

restricted or helper cells (Figure 11). 

The Site of Rearrangement and Expression 

INTRATHYMIC AND EXTRATHYMIC REARRANGEMENTS Several 
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experiments strongly suggest that thymic precursors do not express T -cell antigen 

receptors and that a and a gene segment rearrangement and expression occur 

following migration to the thymus, although some y gene rearrangement may 

occur prior to migration of precursors to the thymus. 

Two results demonstrate that some y gene rearrangement occurs prior to 

entry into the thymus. First, a rearranged band can be detected in DNA prepared 

from whole day 13 fetal liver, but not in fetal liver from later stages of 

development (146). To be detected in a heterogeneous cell population, this 

rearrangement must have occurred on at least 5% of the chromosomes in the fetal 

liver cells. The same rearranged fragment is also found in day 14 and day 15 fetal 

thymocytes, suggesting a migration of cells with this rearrangement from the 

liver to the thymus on days 13-14 (146). Second, fetal liver x BW5147 hybridomas 

made from cells at various stages of gestation have y gene but not a gene 

rearrangement. The discrepancy between the lack of y RNA in fetal liver and the 

observed rearrangements in a few fetal liver cells may be due to the very low 

levels of this transcript. 

The results of several experiments suggest that expression of a and a chains 

is initiated by gene rearrangement events that occur in the thymus. First, 

complete a and a transcripts cannot be detected in fetal liver, and they are not 

present in the most immature adult thymocytes or in fetal thymus until the 17th 

day of gestation (146, 160, 173). Second, there appears to be a gradient of 

increasing a gene rearrangement in thymocytes as development progresses ( 146, 

180); most of the cells have germline a genes on day 14, Da-Ja gene segment 

rearrangements appear soon afterwards, and by day 17 most of the chromosomes 

have either Da-Ja, or V a-Da-Ja rearrangements (146, 180). It is unlikely that 

these changes in the thymus are caused by seeding of this organ by waves of 

increasingly mature precursors from the fetal liver as cultures of day 14 and 15 
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thymus tissue have demonstrated that these cells can differentiate and attain 

immunocompetence in vitro (174, 175, 187-192). Some nonproductive a gene 

rearrangement in day 13 fetal liver has been observed (146), and the possibility of 

some productive prethymic rearrangement of a and a genes cannot be formally 

ruled out. However, all the data are consistent with the hypothesis that thymic 

precursors do not express a and a polypeptides, and that productive rearrangement 

and expression of these genes takes place in the thymus. 

NONPRODUCTIVE REARRANGEMENTS AND THYMIC T -CELL DEATH If 

the a and a genes rearrange in the thymus, and cells that have only nonproductive 

a or a gene rearrangements do not emigrate, then a large part of the intrathymic 

cell death that occurs in the adult thymus can be attributed to these 

nonproductive rearrangements. As mentioned above, two out of every three V a 

gene segment rearrangements will be nonproductive, as they would place the Ja 

gene segment in an inappropriate translational reading frame. This would mean 

that 0.67 x 0.67 = 0.44, or 4496 of the cells will have nonproductive a gene 

rearrangements on both homologues and therefore may not survive to emigrate 

from the thymus; .the remaining 5696 might go on to rearrange their a genes. If we 

assume either a direct V a -Ja joining or a V a-Da -Ja mechanism similar to what is 

observed in a genes, then two of three V a rearrangements will also be 

nonproductive. Again, 4496 of the remaining T cells will have only nonproductive 

a gene rearrangements and conversely, 5696 of the remaining T cells will have a 

productive rearrangement. If we consider the progeny of a pre-T cell undergoing 

gene segment rearrangement in the thymus, no more than 0.56 x 0.56 = 0.31, or 

3196 of the cells will produce a functional a-a heterodimer. Thus, a large 

percentage of the intrathymic cell death could be due to the lack of successful 

rearrangements in the a and/or a genes. This hypothesis predicts that many of the 

cells that are destined to die in the thymus should not express T -cell antigen 
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receptors on their surface. Recent experiments that have addressed this issue are 

not entirely conclusive. While it is certain that many of the cells with a surface 

phenotype thought to be characteristic of those that die in the thymus have a and 

B transcripts (185), there are conflicting estimates of the fraction of cells in this 

category that express a/a heterodimers (174-, 193, 194-). 

GENERATION OF DIVERSITY IN THE VARIABLE REGION GENES 

The problem of generating diversity in the lymphocyte antigen receptor is 

common to both B and T cells. The immunoglobulin genes utilize three basic 

mechanisms: germline diversity, the utilization of a large number of different 

gene segments for variable region formation; combinatorial joining, the random 

rearrangement of the different germline gene segments; and somatic mutational 

mechanisms that occur during and after the formation of the variable reg ion 

gene. A number of experiments have been conducted to determine to what extent 

these mechanisms are utilized in the T -cell antigen receptor. 

Germline Diversity 

BETA GENES The mouse germline a gene repertoire is composed of a 

relatively limited number of V a and 0 6 gene segments and a relatively large 

number of Ja gene segments. Characterization of expressed V 8 genes from 

murine thymus, spleen, T -cell hybridomas, and functional T -cell lines has revealed 

that a limited set of V a gene segments is utilized in these T cells. Of 37 that 

were sequenced, only 16 different V 8 gene segments have been found (87-89, 148, 

159). Assuming that the V 8 gene segments are expressed with equal frequency, the 

total number of functional germline V 8 gene segments can be expected to be 24- or 

less at the 95% confidence level (88, M. Meister, unpublished). Although the 

numerical calculation may be unreliable because the different V 8 gene segments 



190 

are not expressed with equal frequency (87), only a few V 
6 

gene segments are 

expressed by many different clones in several different mouse strains, which is 

unlikely if there were a large V 6 gene segment repertoire. Southern blot analyses 

using the different V 6 gene segment probes also support the notion of a limited 

repertoire (87-89). Surprisingly, several mouse strains have deleted a significant 

fraction of this repertoire and can still survive in the laboratory. In SJL mice, the 

best studied example, 10 V 
6 

gene segments from six subfamilies have been deleted 

from the germline repertoire (R. Barth and B. Kim, unpublished observations and 

D. Loh, personal communication, 89), and there is no evidence so far in favor of 

extra V 6 gene segments compensating for this deficiency (D. Loh, personal 

communication). However, studies on human 6 gene eDNA clones have indicated 

that the human V 6 gene segment repertoire is likely to be much larger than that 

of the mouse (P. Concannon, L. Pickering & L. Hood, unpublished). 

Allowing for diversity arising from the recombination process, all of the D 6 

regions in murine V 6 genes could be encoded by one of the two known germ line D 6 

gene segments (87 -89) (Figure 11). However, in some cases only a few central 

nucleotides are shared with these D 6 gene segments, and the existence of other 

germline D6 gene segments cannot be ruled out. Preliminary sequence data 

indicate that, like the human V 8 repertoire, the human D 6 gene segment 

repertoire may be larger than that of the mouse (P. Concannon, L. Pickering & L. 

Hood, unpublished). Of the 14 murine J 6 gene segments in the two J 6 clusters, 

one in each cluster is a pseudogene and the other 12 are apparently functional (71, 

77, 78). Ten of these 12 J 6 gene segments have been found in the V 
6 

regions that 

have been sequenced so far. 

ALPHA GENES The germ line V a and J a gene segment repertoires are 

larger than the corresponding 6 gene segment repertoires. A number of murine V a 

gene segments obtained from eDNA libraries constructed from thymus and 



191 

functional T -cell hybridomas have been sequenced (32, 33, 94, 95). The 25 

different eDNA clones analyzed have 22 different V a sequences that can be 

grouped into 11 subfamilies. Southern blot analyses with V a probes from nine 

different subfamilies reveal that there are at least 55 bands that cross-hybridize 

with these probes (32, 33, 94, 95, and J. Klotz, unpublished), indicating that the 

germline V a gene segment repertoire is larger than the V 6 gene segment 

repertoire in mouse. The identification of 11 different V a gene segment 

subfamilies is more than that observed so far in the murine immunoglobulin 

families and comparable to that of the B gene family. As noted previously, the J a 

gene segment repertoire is much larger than the J gene segment repertoire in any 

of the other .B- or T -cell receptor gene families (94, 95). 

GAMMA GENES There are three V Y gene segments that cross-hybridize 

with the V gene segment present in the original murine y gene eDNA clone and 

there are three murine J gene segments (74). Although joining of these V and J y 

gene segments permits nine different rearrangements, only three rearrangements 

account for most of those observed in murine T cells (146, 149). One of these 

prevalently rearranged y gene restriction fragments does not hybridize to the V 
y 

probe (149) and it therefore could involve another V Y gene segment, or 

alternatively, it could result from a DY -JY rearrangement. The remaining two 

non-germline fragments hybridize with the V Y probe (149). However, one of these 

rearrangements joins a V Y to a JY gene segment adjacent to the CY pseudogene 

(73) and accordingly is not functional. Therefore it is possible that of the three 

predominant y rearrangements, only one involving a particular V Y and JY gene 

segment leads to the expression of a y polypeptide. It is not clear why the other 

two known V gene segments are rearranged infrequently. 
y 

Combinatorial Joining 

Analysis of expressed murine V 6 genes and B gene rearrangements in T -cell 
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hybrids and clones indicates that combinatorial joining occurs in e genes (87-89). 

For example, the Del gene segment joins to J gene segments in either cluster with 

approximately equal frequency (88, 180). In contrast, if we consider only 

rearrangement by deletion, the D e2 gene segment can only join to J e2 gene 

segments (87-89). The available sequences are also consistent with the hypothesis 

that V e gene segments may join to any De-Je rearrangements (87-89). If these V e 

rearrangements are equally likely, there should be a bias in favor of J e2 and hence 

ce 2 expression, because one germline De gene segment can join to either Jel or 

J e2 gene segments while the other can only join to J e2 gene segments. Such a 

bias in favor of ce2 expression is in fact seen in the analysis of different eDNA 

clones or of RNA from lymphoid tissues. There is also evidence supporting combi

natorial joining of V a and Ja gene segments (A. Winoto, unpublished). As noted 

above, the extent of combinatorial joining in the y genes may be quite limited. 

In addition to the random usage of gene segments, the e genes have an 

additional feature that may permit either optional or multiple usage of the De 

gene segments. The V e gene segments have a two-turn recognition signal for DNA 

rearrangement (71, 72), the De gene segments have a one-turn recognition signal 

in the 5' and a two-turn recognition signal in the 3' flanking region (80-82), and the 

J e gene segments have a one-turn recognition signal (71, 72, 77, 78) (Figure 3). In 

principle the V e gene segment can therefore rearrange directly to a J 8 gene 

segment and still obey the one-turn to two-turn joining rule. Similarly, D8-De 

joinings could be possible to create longer D8 regions. Either of these events 

would increase the diversity of the junctional region of the V 8 gene. Analyses of 

different V-D-J junctions have identified a few potential V-J and D-D joining 

events (97, 98, 159) although there are other interpretations for these examples. 

If direct V e-J8 joining or D8-De rearrangements do occur, it is clear that these 

events are infrequent. 
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Somatic Mutational Mechanisms 

The a, s and y genes employ three different mechanisms for somatic 

mutation that occur during the formation of the V gene. These mechanisms also 

occur in the immunoglobulin V gene families, although the use of a fourth 

mechanism found in immunoglobulins is doubtful for the T -cell receptor. 

JUNCTIONAL DIVERSITY The process that joins two gene segments 

together is imprecise. The joining event can delete nucleotides from the ends of 

the V, D and J gene segments, leading to codon changes at the junctions of these 

segments (Figure 12). This process, called junctional diversity, occurs in both the 

immunoglobulin (123, 195, 196) and T-cell receptor (73, 75, 76, 81, 82, 148, 149) 

gene families. 

N-REGION DIVERSITY Additional nucleotides not encoded by either gene 

segment are added at the junction between the joined gene segments during 

rearrangement (Figure 12). This mechanism, known as N-region diversification, is 

utilized by the immunoglobulin V H genes, but not by the V K or VA. genes ( 19 5, 

197). N regions are also clearly present in the T-cell v8 genes (81, 82, 148); the 

occurrence of N-region diversification in these four gene families is therefore 

correlated with the presence of D gene segments. However, this correlation may 

not include all six rearranging gene families because extra nucleotides are also 

seen in the V-J junctions of a and y genes (73-76). It is not known whether these a 

and y sequences arise from either a combination of N-region diversification and D 

gene segments, D gene segments alone, or from N-region diversification in the 

absence of D gene segments. 

MULTIPLE TRANSLATIONAL READING FRAMES IN THE D GENE 

SEGMENT Analysis of the 0 8 regions of different V 8 genes has shown that the 

two germline 0 8 gene segments are utilized with approximately equal frequency 

in all three translational reading frames (88, 148) (Figure 13). Although this adds 
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to the diversity of V 6 gene segments, the low sequence complexity of the two 

germline D6 gene segments limits the contribution of this mechanism. In 

immunoglobulin V H genes, however, the DH gene segments are used in the same 

reading frame in most of the cases analyzed. The statistical preference for a 

single reading frame for the DH gene segments cannot be accounted for simply by 

the presence of a stop codon in one reading frame of some of the DH gene 

segments. The ability to use the D 
6 

gene segments in three reading frames need 

not be considered an actual mechanism, but may instead reflect the fact that 

there is little selection for particular protein sequences in this part of the 

molecule. Despite this coding sequence flexibility, the germline nucleotide 

sequences of mouse and human D61 are identical, suggesting that there may be 

some selective pressure for the maintenance of a particular germline DNA 

sequence in this region of the B locus. 

SOMA TIC HYPERMUT A TION Immunoglobulins employ an additional 

mechanism for diversification, somatic hypermutation, that generates base-pair 

substitutions throughout the V gene and its flanking sequences at a late stage in 8-

cell development ( 198-200). This mechanism is capable of generating up to 3% 

sequence differences between the mutant and the corresponding germline gene 

segment (199). Those 8-cells with receptors that have higher affinities for 

antigen as a result of somatic hypermutation are believed to be selectively 

expanded when the antigen concentration is limiting (20 1). 

Analyses of several different expressed V 6 genes have shown that with the 

exception of the differences in the junctional regions, they are identical in 

sequence to their germ line gene segment counterparts (71, 93, 148). Substantially 

more data is available if the nucleotide sequences of different eDNA clones are 

compared to one another, including several cases where no germ line sequence is 

available. T cells expressing the same germline gene segments most often have 
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identical gene segment sequences (71, 87-89, 159). In those cases where the 

sequences are not identical, there are very few differences in nucleotide sequence 

and never more than two substitutions at the amino acid level. The observed 

differences could be due to either somatic hypermutation, interstrain sequence 

polymorphisms or they could be due to nucleotide sequencing errors (87-89). The 

preliminary nucleotide sequence data of V a genes suggests that somatic hyper

mutation is also rare in this gene family. Two different sets of identical, 

expressed V a gene segments have been found: the first from a collection of 

thymus eDNA clones (94), and the second from a series of cytochrome c/1-Ek

specific T hybridomas (A. Winoto, unpublished results). Because in each case the 

three identical V gene segments were associated either with different J gene a a 

segments, or the V a -Ja junctional region was different, the independent origin of 

each of these clones is established. Taken together, these data indicate that 

somatic hypermutation occurs infrequently, if at all, in the T -cell receptor genes. 

There has, however, been a report of somatic variants arising in alloreactive 

. T hybridomas in which new specificities were generated against class II molecules 

after more than 200 cell generations in vitro (202). Because of the small number 

of mutant cells isolated, the frequency with which similar events occur has not 

been established. Therefore it is not clear that the mechanism by which these 

mutants arise is comparable to that producing hypermutation in immunoglobulins, 

and the physiologic relevance of this provocative finding is uncertain. 

Extent ofT-Cell Receptor V, D and J Diversity 

Although the T -cell antigen receptor utilizes the same mechanisms for 

generating diversity as the immunoglobulin genes, there are several differences in 

the extent to which these mechanisms are utilized. For example, the V a and Ja 

gene segment repertoires are very diverse, but the murine T -cell receptor B gene 

family has a limited number of V 8 and 0
8 

gene segments. Nonetheless, the total 
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germline diversity potential in the V 6 genes of normal mice may not be 

significantly less than that of immunoglobulin V H and V K genes because of the 

relatively large number of J 8 gene segments and the use of D gene segments in 

three different reading frames. Furthermore, many V H as well as V K gene 

segments are very closely related and could be nearly equivalent functionally, 

while the few V 8 gene segments are found in a relatively large number of diverse 

gene segment subfamilies. Some calculations of this diversity-potential for the 

murine T -cell antigen receptor and for immunoglobulins are presented in Table 3. 

If we assume that there are 250 VH gene segments, 10 DH gene segments, four JH 

gene segments, as well as 250 V gene segments, and four functional J gene 
K K 

segments (161), then a total of approximately 107 different antibodies could be 

synthesized. For the T -cell antigen receptor, if we assume that there are 30 V 8 

gene segments, two 0 8 gene segments used in all three translational reading 

frames, 12 J 8 gene segments, 100 V a gene segments, and 50 J a gene segments, 

then a total of nearly 107 different T -cell antigen receptors are possible as well. 

_Thus, using these reasonable estimates for the number of germline gene segments 

and assuming that the combinatorial mechanism for generating diversity can 

operate randomly, the magnitude of germline and combinatorial diversity possible 

for immunoglobulins and T -cell receptors is similar. Although the number of 

binding sites that can be generated is similar, clearly the composition of the gene 

segments involved is different. While the combined immunoglobulin K and heavy 

chain families are estimated to have 500 V gene segments and only eight J gene 

segments, the combined T -cell receptor a and B chains may have nearly as many J 

gene segments (-65) as V gene segments (-130). Because the 5' ends of the J gene 

segments are diverse (Figure 6), T -cell receptors will have extra diversity just 

beyond the V-(0)-J junction, at positions homologous to those that fall within the 

third immunoglobulin hypervariable region. Thus, diversity is distributed 
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differently in the variable regions of the calculated T- and B-cell repertoires, 

although the functional significance of this difference, if any, is unclear. 

Perhaps one of the more surprising findings to emerge from the study of 

T -cell antigen receptors is that somatic hypermuta tion, a major mechanism for 

diversity generation in immunoglobulins, does not appear to play a significant role 

in the T -cell receptor genes. If this is true, then all the mechanisms for diversity 

generation in these V genes occur early in ontogeny during V gene formation in the 

thymus. There are three possible explanations for the failure to detect somatic 

hypermutation in the T -cell receptor genes. The first proposes that somatic 

hypermutation does occur but is not detected because the sequences analyzed 

were isolated mostly from cells that have not yet undergone somatic mutation (J. 

Howard, personal communication). Many of the sequences are derived from B 

chains synthesized by thymocytes which are relatively immature, and therefore 

are perhaps not likely to have undergone somatic hypermutation. Moreover, many 

of the T -cell lines analyzed were stimulated in vivo with antigen only once, and 

were then propagated in vitro under antigen-excess conditions, and therefore 

would not be subject to extensive selection for high-affinity receptor interactions 

associated with somatic hypermutation. A similar argument can be made for the 

T -cell hybridomas that do not require antigen to proliferate. Although the 

maturity of an antigen-stimulated B cell can to some extent be assessed by the 

immunoglobulin heavy chain isotype expressed (e.g., IgM vs others), there is no 

similar test for antigen-stimulated T cells. The second explanation proposes that 

somatic hypermutation in T -cell antigen receptor genes is not permitted because 

the resulting mutations, especially if they arise after T -cell migration from the 

thymus, could be deleterious to the organism (203). According to this view, since 

the T -cell antigen receptor repertoire has been selected for the recognition of 

antigen in the context of self-MHC-encoded molecules, T cells that undergo 
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somatic hypermutation in the periphery will generate many autoreactive cells. As 

T cells on the average are believed to live longer than B cells and T H cells, unlike 

B cells, may not dependent on other lymphocytes for activation and proliferation, 

these autoreactive T -cell somatic mutants present a greater threat than 

autoreactive B-cells. The third explanation proposes that somatic hypermutation 

events are rarely detected because of a lack of selection pressure for the 

expansion of the hypermutation events. This explanation implies that the 

activation of T cells is not highly dependent upon receptor affinity for antigen or 

an antigen/MHC complex ( 188). 

MHC-RESTRICTED ANTIGEN RECOGNITION BY T CELLS 

One or Two Receptors? 

T cells recognize antigen when it is present on the surface of other cells 

only if the appropriate allele of a polymorphic MHC molecule is also expressed. 

Thus, T cells have a dual specificity for both antigen and allele-specific 

determinants of the MHC molecule (1-3), and the recognition of antigen is said to 

be restricted by the MHC-encoded molecule. This fundamental discovery was 

made more than a decade ago, and since then a debate has raged over the 

molecular basis of antigen and MHC recognition by T cells. Two types of models 

have been proposed to explain this dual specificity. The first hypothesizes that a 

single T -cell antigen receptor binding site recognizes a combined determinant 

formed by the restricting MHC molecule and antigen (3, 204.-206). This might 

occur if the antigen and the MHC molecule can interact with sufficient avidity to 

form a complex antigen. Recent experiments have shown that a peptide fragment 

of lysozyme capable of stimulating T H cells can bind to an appropriate responder, 

but not the nonresponder, I-A molecule with significant affinity (207). The 

functional relevance of this binding to T -cell activation remains to be determined, 
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and it is difficult to imagine that a similar, relatively high-affinity binding occurs 

for each of the antigens that are recognized in the context of a MHC class I or 

class II molecule. Alternatively, only a low affinity interaction between antigen 

and the MHC molecule may generally exist which is stabilized by the single 

binding site of the T -cell receptor (203). The second model proposes that the T

cell receptor is composed of either two separate molecules, or two binding sites in 

the same molecular complex (208-213). In this case, separate binding sites exist 

for antigen and the MHC molecule. 

Evidence has accumulated against the models in which antigen and MHC are 

recognized independently. First, independent segregation of antigen and MHC 

recognition was not found in soma tic T -cell hybrids expressing two distinct 

antigen/MHC specificities (214). Second, when a panel of several hundred T -cell 

hybridomas was screened for reactivity with a clone-specific antibody that binds a 

particular a/ B heterodimer, a second antibody-reactive clone was found that 

possessed the same antigen/MHC specificity as well as a fortuitous allo-MHC 

cross reactivity (215). This observation suggests that the same a/8 heterodimer is 

involved in both antigen and MHC recognition. Finally, for both MHC class I and 

class II restricted T -cell clones, antigen recognition was shown to be directly 

influenced by the MHC haplotype expressed by the stimulating or target cells 

(216-219). For example, several instances where T hybridomas that recognize 

peptides of cytochrome c along with either of two I-E molecules have been 

described. The fine specificity of these individual T cells for a set of related 

cytochrome c peptides depended on which of the two possible I-E restriction 

elements was used to present antigen. Although for each of these experiments 

more than one interpretation has been proposed (220), these studies and others 

taken together imply that antigen and the MHC molecule are not recognized 

independently (214-219, 221-223), but that dual recognition is mediated through a 
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receptor composed of a and 6 subunits. As we shall discuss below, the structure of 

the T -cell receptor itself argues against a model in which the a and 8 chains 

constitute two independent binding sites. This implies that a single receptor 

binding site can recognize both antigen and MHC. 

Despite this evidence, the single-binding site model has not received 

universal acceptance. The major unresolved difficulties with such models are the 

means by which MHC molecules can interact with a diversity of antigens to form 

a single determinant and the means of selection of a · self-MHC restricted 

repertoire of T -cell receptors. Although hypotheses have been offered to account 

for these problems (204-206, 224, 225), none has won general acceptance. Despite 

problems with two binding site models, the discovery of the y chain had lead to 

renewed speculation on the possibility of a second T-cell antigen receptor (212). 

The y chain, although limited in diversity, could associate with the a or 6 (160, 

212) chains or with a diverse, hypothetical cS chain to generate a second T -cell 

antigen binding site. Alternatively, if the y chain forme-d a homodimer, or 

associated with a monomorphic molecule, it might act as an accessory molecule 

similar to Lyt-2. 

Structural Comparisons Between Immunoglobulin and T-Cell Receptor V Genes 

The V and C regions of the a, 8, y and immunoglobulin polypeptides exhibit 

significant sequence similarity and have descended from common ancestral 

genes. Since the immunoglobulin molecule has been thoroughly analyzed at the 

level of primary, secondary and tertiary structure (120, 226), it is pertinent to 

compare the structures of the T -cell receptor (a/8) and immunoglobulin V regions 

to gain insights into shared structural features relevant to binding of antigenic 

determinants. 

SECONDARY STRUCTURE As noted above, immunoglobulin V regions fold 

into two planes of anti-parallel 6 strands stabilized by the invariant disulfide 
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bridge. The a strands are relatively conserved in sequence and are connected to 

one another by polypeptide loops, some of which constitute the hypervariable 

regions. The secondary structures of V L and V H regions are highly conserved. 

Several algorithms have been developed to assess the tendency of polypeptides of 

known sequence to have . similar secondary structures. First, hydrophobicity 

analyses measure the hydrophobic characteristics of amino acid side chains (227). 

From this analysis the exposure of side chains to the interior or exterior of the 

molecule can be inferred. Second, techniques have been devised for estimating 

the tendency for short regions of a polypeptide chain to form a-strand structures 

(228). Analyses of the average hydrophobicity or the a-strand forming potential of 

large collections of V a' V a' VH and V K regions have shown that all four sets of V 

region are very similar to each other in these properties (87, 88, 94, 9 5). 

AMINO ACID SIMILARITIES Invariant or nearly invariant amino acids are 

present at eight positions in immunoglobulin variable regions, five in the V 

segment and three in the J joining region. At these positions, a single amino acid 

is present in greater than 9596 of both light (K and A.) and heavy chain variable 

regions from several species (229). Four other positions are semi-invariant, a 

single amino acid is present in more than 7 596 of K, A. and heavy chain variable 

regions (229). In addition, there are a number of other positions where one set of 

variable regions, heavy or light, have a particular amino acid, and the other set 

does not (229). Fourteen of these conserved positions, 11 shared by both V H and 

V L regions, and three in which V H and V L regions are invariant or semi-invariant, 

but differ from one another, are shown in Table 4. These 14 were selected from a 

larger group of conserved positions by two criteria: (1) the three-dimensional 

structures of immunoglobulins McPC603 and NEW indicate they might be 

important for VH-VL interactions (230, 231), and (2) the three-dimensional struc

ture of both the NEW light and the NEW heavy chain indicates that these amino 



202 

acids form hydrogen bonds that might be important for intrachain folding (231). 

Many of the conserved amino acids in immunoglobulin variable regions are 

also present in the a, 6 and y chains. The invariant and semi-invariant amino acids 

in the 6 and a V gene segments are indicated above the blocks of sequence in 

Figures 4 and 5, respectively, and the invariant positions in the Ja, J
6 

and JY gene 

segments are similarly denoted in Figure 6. Table 4 compares the V a' V 6 and V Y 

regions with immunoglobulins at the 14 conserved positions described above. Most 

of the 14 are present in the three T -cell families of variable regions. For 

example, all of the eight amino acids that are highly conserved (>95%) in both the 

V H and V L regions are also present in both V a and V 
6 

regions, and seven are also 

present in the V Y region. Seven of these highly conserved positions are indicated 

by asterisks in Table 4, and the role these play in immunoglobulin intra-V region 

folding and VH-VL interaction is indicated. The presence of these invariant amino 

acids, and most of the others listed in Table 4, in both V a' V 
6 

and V Y regions 

argues strongly that these variable regions are similar to immunoglobulins in 

overall structure. 

lNTERACTIONS BETWEEN V REGlONS The ammo acids thought to be 

important for contact between immunoglobulin V H and V L regions include both 

variable and more conserved amino acids. Those contacts between two conserved 

amino acids on the light and heavy chain are likely to be most important for 

understanding the general features of VH-VL interactions. [f we consider the 

three-dimensional structures of the mouse myeloma protein McPC603 and the 

human myeloma protein NEW, five amino acids on both the VL and VH regions are 

involved in such contacts (230, 231). Using the numbering of Kabat et al., these 

include tyrosine-36L, glutamine-38L, proline-44L, tyrosine-87L, and 

phenylalanine-98L in both K and A. light chains, and valine-37H, glutamine-39H, 

leucine-45H, tyrosine-91H, and tryptophan-103H in the heavy chain. Several of 
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these amino acids are also highly conserved in a and a variable regions. The 

glutamine is found at the homologous position in both V a and V a regions. The V a 

regions have leucine and the V a regions have either proline or leucine at a position 

homologous to leucine 45H or proline 44L. On the other hand, the tyrosine (87L or 

91 H) is not commonly found in a and a variable regions which often have a 

conservative substitution of phenylalanine or leucine at this position (Table 4). At 

the two other conserved positions important for interchain contacts, both the V a 

and V a regions tend to have a tyrosine and a phenylalanine, and therefore 

resemble V L regions somewhat more than they resemble V H regions, which nearly 

always have valine and tryptophan at these positions (95) (Table 4). Furthermore, 

the distance between the cysteines that form the intrachain disulfide bond of the 

V a and the V a regions is 63-69 amino acids (95). Again, this property is more 

similar to the VL regions where this distance is 64-69 amino acids, than it is to VH 

regions, where it is 69-7 5 amino acids (229). The a/ a heterodimer may therefore 

resemble a light chain dimer more than it does a heavy-light chain pair. This is 

intriguing, because the structure of one light chain dimer that has been studied by 

X-ray analyses is unusual in that it has a very deep antigen-binding pocket (232). 

However, the tendency for V a and V 8 regions to be more similar to V L regions is 

not uniform. In the length of their J gene segments and the presence of conserved 

amino acids homologous to alanine-92H and valine 111-H, the V a and the V a 

regions are more similar to VH than VL regions. It is therefore likely that the 

slightly greater resemblance of the V a and the V a regions to the V L regions is due 

to convergent rather than divergent evolution of these V regions. 

Antigen Binding by the a/a Heterodimer 

HYPERVARIABLE REGIONS Calculations of variability, defined as the 

number of different amino acids occurring at a given position divided by the 

frequency of the most common amino acid at that position, permit the assessment 
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of diversity at each position in a set of variable regions (233). An analysis of V L 

and V H regions with this approach reveals three distinct hypervariable 

segments-one around positions 24--35, a second near positions 50-65, and a third 

at the V-J or V-D-J junctions, or positions 89-102 (233). The positions of the 

hypervariable regions correspond to those portions of the molecule that X-ray 

crystallographic studies have shown to be in contact with antigens ( 120, 226, 

233). Examination of V L and V H region hypervariable plots also reveals some 

additional regions of variability around positions 10-20 and 7 5-80, particularly in 

light chains, although these are not as variable as the three "classical" 

hypervariable regions (229). The identification of hypervariable regions of T -cell 

receptor a and B chains are therefore expected to indicate those portions of the 

molecule involved in antigen/MHC contact. Such analyses have been carried out, 

and several general conclusions can be drawn. First, in the a chain, there is 

greater variability in positions homologous to those previously defined as 

hypervariable in immunoglobulins (87-89). Second, there is an overall higher level 

of background variability in both a and a chains, than in immunoglobulin light and 

heavy chains (87-89, 94, 95). Interestingly, hypervariability plots of collections of 

V a regions have shown the variability to be broadly distributed throughout the 

variable region with the exception of the third hypervariable region, which is more 

variable, and a few scattered conserved positions (B. Arden, unpublished 

observation). This broader distribution of variabiliW in both chains is consistent 

with other comparisons indicating that there are fewer highly conserved amino 

acids in T -cell receptor V regions and that the average V a and V 6 regions are more 

different from one another than are immunoglobulin V regions (M. Kronenberg, 

unpublished observation and refs. 87-89). However, the immunoglobulin sample 

used for comparison contains many myeloma proteins and hapten-binding proteins, 

and there is some evidence these may not represent the full extent of the 
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diversity of the germline immunoglobulin repertoire (234-236). Third, it has been 

proposed that the V 6 gene segments have several extra distinct hypervariable 

regions (87), although this was not observed in a second analysis (88). The 

discrepancy is best explained by differences in sequence alignments and the 

sensitivity of the analysis to slight sample differences when relatively small 

samples are employed. 

Because of the apparent greater variability of V Cl and V 
6 

regions, and the 

possible existence of extra 6 chain hypervariable regions, it has been hypothesized 

that for the T -cell receptor a greater surface interacts with antigen than is the 

case for immunoglobulin (87). Although this is plausible, considering that the T

cell receptor is required to bind a complex determinant containing both antigen 

and MHC, there is too little structural information on the interaction of 

antibodies with protein antigens, as opposed to haptens, to definitively state that 

the two sets of receptors must be different from one another. The available 

crystallographic structure of an antibody binding lysozyme suggests that a large 

surface might be involved in binding (237). This type of antibody-antigen 

interaction may account for the extra regions of immunoglobulin variability 

mentioned above and may well be comparable to the T -cell receptor interaction 

with antigen in the context of MHC. 

THE Cl/6 HETERODIMER: ONE OR TWO SITES? In summary, the V Cl' V 6, 

VH and VL regions all appear to exhibit a conserved set of amino acids that are 

important in immunoglobulins for VH-VL interactions, a striking similarity in their 

patterns of secondary structure and similarity in their variability patterns. The 

data suggest that the antibody fold is conserved in the V Cl and the V 6 regions and 

that the V Cl and V 6 regions interact like in antibodies to generate a single binding 

site. In this regard, immunoglobulins apparently can be MHC restricted; several 

antibodies that recognize influenza polypeptides in the context of a specific MHC 
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allele have been described (238). Accordingly, the antibody binding site has at 

least the potential for recognizing antigen in the context of an MHC molecule, 

and it is therefore possible that a single T -cell receptor could do the same. Alter-

natively, the a/6 heterodimer may be responsible only for antigen or MHC 

recognition, in which case a second receptor needs to be defined. 

Our view that the V a and V 
6 

regions fold similar to immunoglobulins to form 

a single binding site is not consistent with models that require the V a and the V 8 

regions to form separate antigen and MHC binding sites, either as single chains 

(220), or in association with other molecules such as individual subunits of the Ia 

molecule (239). However, this single-site view of the a/8 heterodimer can be 

easily reconciled with the lack of correlation between the expression of particular 

V 6 gene segments and the ability to recognize either particular antigens or MHC 

molecules (Table 5). In one of the earliest studied cases, it was found that a T

cell hybridoma specific for cytochrome c and I-Ek and a T -cell line specific for 

lysozyme and I-Ab both express the V 83 gene segment (148) (Figure 12); however, 

other_ cytochrome c/I-Ek-specific hybridomas do not use this V 8 gene segment (J. 

Goverman and A. Winoto, unpublished). Since then a number of similar cases have 

been described (Table 5). Because in immunoglobulins specificity can be 

associated with use of a particular light chain (240), a particular heavy chain 

(241), or both, we expect that the same will hold true for the T -cell receptor and 

that valid generalizations about a or B usage and antigen or MHC specificity will 

not be possible. 

MHC Class I- and Class If-Specific T Cells 

There is a correlation between T -cell recognition of MHC class I molecules, 

expression of y gene RNA and cytotoxic function on the one hand (149, 242-244), 

and a correlation between T -cell recognition of antigens in the context of MHC 

class II molecules and helper function and/or IL-2 secretion on the other (242, 
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245-248). The reason for these correlations is unknown, although the structure of 

the T -cell antigen receptor in the two categories of cells is probably not 

responsible. Both T H and T C express Ca and C6 RNA, indicating that unlike 

immunoglobulins there are not function-associated T -cell receptor constant region 

isotypes. Furthermore, the T -cell receptors for both murine T H and T C c;ells 

appear to be encoded by the same pool of V 6, 0 6 and J 6 gene segments. For 

example, analyses of a T -cell hybridoma specific for TNP and I-A d and a cloned T

cell line specific for an H-2d class I molecule have shown that both utilize the V 62 

gene segment in their antigen receptor (88) (Table 5). In addition, two monoclonal 

antibodies have been generated that each recognize a single V 6 gene segment 

subfamily. KJ 16-133 (52) is specific for the murine V 68 subfamily, which contains 

three members (87, 88), while Ti3A (194) is specific for the human V sMJ 

subfamily, which contains five members, three of which are functional (93). Both 

monoclonal antibodies bind to both L3T4 or T4 positive populations enriched for 

helper T cells and Lyt-2 or T8 positive T -cell populations enriched for cytotoxic 

T cells. Therefore cells of both phenotypes utilize the same V 6 gene segments 

(179, 194). There is currently no data indicating whether the same might also be 

true for V a gene segment usage. 

Development of the T-Cell Specificity Repertoire 

The ontological origin of a self-MHC restricted, antigen-specific repertoire 

of T -cell receptors has long been a controversial issue. It is now clear from 

experiments that determined the chromosomal locations of the a and 6 genes 

(Table 1) that these genes are not linked to those encoding the MHC molecules. It 

is therefore intriguing that MHC-congenic strains of mice with the same germline 

receptor genes express antigen-specific repertoires that in each strain are 

strongly biased for the recognition of different self-MHC molecules. 
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A number of studies, including those utilizing chimeric mice, have explored 

this question (249-251). Chimeric mice are constructed for this purpose by 

transferring precursor stem cells from bone marrow of a mouse with one MHC 

genotype into another lethally irradiated mouse having a different MHC 

genotype. Stem cells in the bone marrow repopulate the hematopoietic system 

and therefore in the chimera the hematopoietic cells have a different genotype 

than the irradiated recipient. Alternatively, chimeras have been constructed by 

transplanting thymus tissue into athymic mice that have a different MHC 

genotype. Many, but not all, of the chimera studies are consistent with a "thymic 

education" model for the ontogeny of a self-MHC restricted repertoire. 

According to this model, T cells with particular antigen-receptors are selected for 

in the thymus in the absence of antigen. This selection is believed to depend upon 

MHC molecules expressed by certain thymic cells, such that T cells capable of 

recognizing antigens in the context of self-MHC molecules emigrate and populate 

the peripheral lymphoid organs. T cells that only recognize antigen plus allo

MHC, or that recognize antigen alone, do not emigrate, and are presumed to die in 

the thymus. This selection process therefore provides a rationale for the 

extensive cell death that takes place in thymus. According to several models of 

this type, selection is associated with a somatic hypermutation process (209, 

210). The thymic education model contrasts with alternative antigen-priming 

models which assert that selection of T -cell specificities restricted by a given 

MHC haplotype occurs only in the periphery during T -cell activation in the 

presence of antigen (250). According to these models, mature cells emerging from 

the thymus are not particularly biased in favor of recognizing antigen plus self

MHC as opposed to antigen plus allo-MHC. However in the peripheral lymphoid 

organs, the combination of antigen plus the available MHC molecules, will lead to 

the clonal expansion of those T cells restricted to self-MHC molecules. 
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Regulatory influences by suppressor and other cells may also prevent expansion of 

allo-MHC restricted clones. 

Although study of the molecular biology of the a and f3 genes has not 

resolved this controversy, the available evidence permits the following 

conclusions. First, the thymus is the site where the a/a heterodimer is first 

expressed. Therefore selection of receptor specificities or induction of tolerance 

before the entry of T cells into the thymus is unlikely. These data do not argue 

directly for thymic selection as opposed to selection in peripheral lymphoid 

organs. Second, as mentioned above, up to 70% of the cell-death in the thymus 

may be caused by nonproductive a and f3 gene rearrangements. Some additional 

cell-death may also be due to the removal of self-reactive cells. However these 

two explanations do not account quantitatively for the significant amount of cell 

death, estimated to be up to 95% of the total thymocytes. If the estimate is 

accurate there must be additional causes for this phenomena (252-254). Finally, 

the absence of conclusive evidence for somatic hypermutation in both the a and 6 

genes of the receptors expressed by peripheral T cells rules out models that 

require this as an obligatory step in the selection of a self-MHC restricted T -cell 

repertoire. Therefore the postulated selection of T -cell receptor specificities 

must act only upon the expressed receptor formed by germline genes and the 

diversity-generating rearrangement processes described above. 

Implications for Immune Response Gene Defects 

Immune response (Ir) gene defects are said to occur when heritable 

differences in responsiveness to the same antigen are demonstrated among 

individuals. In such cases, one group or individual are responders, while the other 

group manifesting the so-called "defect" are nonresponders (250, 255, 256). In 

most cases, it has been shown that responsiveness in inbred mice maps to MHC 

class I molecules for cytotoxic cells (257), and to class II molecules for helper T-
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cell responses (258). In these cases, nonresponsiveness is highly specific for the 

combination of particular antigens and particular alleles of MHC-encoded 

molecules. Several models have been proposed to explain these Ir gene-encoded 

immune response gene defects (250, 255). One possibility is that germline genes 

that could encode a receptor with the specificity in question do not exist. A 

second explanation for this selective constraint proposes that selection of a self

MHC restricted repertoire in the absence of antigen (see above), leads incidentally 

to deletion of clones reactive with certain antigen/MHC combinations. The exact 

details of the relationship between repertoire selection and clonal deletion depend 

on whether one believes in one or two site models of the receptor (209, 210, 256). 

Both of these explanations imply that T cell responses that show Ir gene control 

probably require the expression of relatively few genes, so that occasionally 

certain strains have germline deletions that include these genes such that gaps in 

the repertoire can be detected, or alternatively that selection can reveal these 

gaps. A second category of models propose that selective constraints lead to an 

absence. of clones that recognize the combination of antigen plus MHC molecule. 

The requirement for self-tolerance is an example of such a selective constraint. 

Deletion of self-reactive clones could eliminate a significant portion of the 

potential repertoire, including all those T cells that react with certain foreign 

antigen/self MHC combinations if the receptor expressed by these cells 

fortuitously cross-reacts with a self-determinant (259). 

An alternative hypothesis for Ir gene defects does not invoke an inability to 

express a particular T -cell specificity, but proposes instead that certain antigen/ 

MHC combinations may not effectively activate T cells in the periphery, although 

T cells that could react with these determinants are present. For example, the 

determinant selection theory states that a single T -cell receptor recognizes an 

antigen-MHC complex, but that in some cases a particular MHC molecule and 
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antigen may fail to interact with the avidity required to form a complex and 

stimulate T lymphocytes (225). Another hypothesis invokes regulatory 

interactions between potentially responsive clones and suppressor cells that 

prevent responsiveness. 

Two recent observations favor those explanations that do not require an 

unavailability or deletion of clones expressing certain specificities. First, recent 

studies characterizing the specificity profiles of T -cell clones reactive to several 

small peptides have revealed considerable diversity among clones. For example, 

T-cell clones derived from BlO.A mice immunized with a 23 amino acid peptide of 

lysozyme (amino acids 74-96) showed a strict correlation between the minimal 

peptide determinants and the Ia molecule required for recognition; namely, clones 

specific for amino acids 74-86 were always 1-Ak restricted, and clones reacting 

with amino acids 85-96 were 1-Ek restricted (260 and N. Shastri, G. Gammon, A. 

Miller, and E. Sercarz, unpublished). This correlation between the antigenic 

determinant and the MHC molecule also illustrates the phenomenon of Ir gene 

defects in that B 1 O.A mice are nonresponders to both peptide 74-86/I-Ek as well 

as to peptide 85-96/1-Ak. Further analysis of the specificity profiles of these 

peptide-specific clones has shown that among each of the two sets restricted to 

different class II molecules, individual clones can be distinguished by their 

reactivities to a set of variant synthetic peptides. It therefore appears that T 

cells can recognize these small peptides along with the restricting MHC molecule, 

in several different ways. 

The diversity of T -cell specificity phenotypes observed for even minimal 

peptide determinants argues against absence of appropriate clones, or clonal

deletion mechanisms as valid explanations for 1r gene defects. Considering for 

example the self-tolerance model, given the diversity of the observed responses, it 

is difficult to see how fortuitous cross-reactions with a self antigen could cause 
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deletion of all the potential T cells reactive with the peptide. This could occur if 

the observed distinct specificity patterns of the clones were due to the fact that 

these clones had descended from a single parental clone through a somatic hyper

mutation mechanism. However, the sequencing of the V 8 genes of the receptors 

employed by these clones has failed to reveal any somatic hypermutation, and 

different V 
8 

sequences were found for each of the seven I-Ak or I-Ek restricted 

clones analyzed (J. Kobori & N. Shastri, unpublished). Similar diversity has been 

found for the 8 genes expressed in a series of cytochrome c-specific T -cell hybrids 

(A. Winoto, N. Lan & D. Hansburg, unpublished data). This demonstrates that Ir 

gene regulated T -cell responses directed towards even minimal peptide 

determinants are not constrained in their usage of particular V 8 genes, and argues 

against the models described above which predict that a relatively limited set of 

genes would be employed in these responses. 

Another observation that argues against absence of clones having certain T

cell receptors as the cause of Ir gene defects is the finding that in one instance 

immune responsiveness to a different lysozyme peptide (amino acids 46-61) could 

be clearly correlated with binding of this peptide to an appropriate, but not to an 

inappropriate or nonresponder MHC class II molecule. This result is most 

consistent with the determinant selection hypothesis, although as mentioned 

previously, the generality of this finding has not yet been established. 

In summary, these findings argue against a limitation in the existence or 

expression of appropriate T -cell receptor genes as a complete explanation for 

nonresponsiveness. To some extent, the studies cited support the alternative 

explanations including determinant selection and regulation by suppressor cells 

that assign theIr defect to the activation ofT cells in the periphery. 
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SUMMARY 

The genes encoding the a and B chain of the T -cell receptor and the y gene 

have been cloned, and their structure, organization, ontogeny of expression, 

pattern of rearrangement and diversification are now generally understood. [n 

most cases, the immunoglobulin paradigm applied very well to the corresponding 

phemenona in T cells, although as described above, some interesting and 

potentially important differences exist. Nevertheless, there are still many 

unanswered questions regarding the ontogeny and mechanism of MHC-restricted 

antigen recognition, and it is not clear how far the immunoglobulin model can take 

us in understanding these phenomena. Although the a/ B heterodimer looks like an 

antibody and the binding sites of the two molecules may be similar, the rules 

governing B- and T -cell activation are clearly different and the ligand(s) bound by 

the receptor are still poorly characterized. In the future T -cell receptor genes as 

well as those encoding the T -cell accessory molecules will be altered in vitro and 

transferred into mammalian cells in culture and into whole organisms in an 

attempt to understand T -cell antigen recognition. These tools will allow us to 

manipulate the mammalian immune response in a variety of different ways that 

will have a profound impact on both our understanding of immunology and on 

medicine in the future. 
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Figure 1. a, s and y polypeptides. The murine a, 13 and y chains are represented 

by open rectangles. The indicated structural features of the a, 13 and putative y 

chain polypeptides were for the most part deduced from the nucleotide sequences 

of eDNA clones. Cysteines are represented by a C connected by a vertical line to 

the rectangle. The likely intrachain disulfide bridges are indicated by a horizontal 

line connecting two cysteine residues, and potential sites for N-linked glycosyl

ation are represented by -CHO. Potential sites for N-linked glycosylation are also 

present in some V regions; these sites are not shown in the figure. Above the 

protein, the relative lengths of seven sections are indicated. L = leader, V = 

variable segment, J = joining segment, C = constant region, CP = connecting 

peptide, T = transmembrane region and CY = cytoplasmic region. The scale is 

given in amino acids. 
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Figure 2. Genomic organization of the six known rearranging gene families of B 

and T cells. a. Murine immunoglobulin genes. b. Murine T -cell a, B and y genes. 

Coding sequences are indicated by boxes for V gene segments and C genes or short 

vertical lines for D and J gene segments and for the exon encoding the leader of V 

gene segments; introns and flanking sequences are represented by a thin horizontal 

line. The separate exons and introns of the different C genes are not shown (see 

Figure 7). A double diagonal line indicates that all the flanking sequences are not 

depicted. The distance between two coding sequences is indica ted in those cases 

where the intergene distance is known and all the flanking sequence is not shown. 

The nomenclature of Davis and colleagues has c 81 = CTB and c 82 = Crs' (261). 

The three murine CY genes have not been physically linked and the nomenclature 

for these genes is arbitrary. For the V gene segments with the exception of V 814 

numbering is also arbitrary, in general the order of these gene segments is not 

known. 
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Figure 3. a. Rearrangement signals in a hypothetical V to J joining. All sequences 

are indicated by a thin line except for the conserved heptamer and nonamer, only 

the 'coding' strand of these sequences are shown. The 23 and 12 refer to the 

lengths of the nonconserved spacer sequence. The inverse complementarity and 

the ability of a single strand to form a base-paired stem-loop structure are 

illustrated. A base-paired structure of the type shown is a hypothetical 

intermediate in the recombination process. 3b. Rearrangement signals for DNA 

rearrangement in the six known rearranging gene families. The numbers 7 and 9 

represent the conserved heptamer and A/T rich nonamer sequences, respectively. 

(1) denotes the one-turn or 12-base pair nonconserved spacer sequence, and (2) 

denotes the two-turn or 23 base pair spacer sequence. The uncertainty of the 

existence of Da and DY gene segments is indicated by a question mark. 
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Figure 4. V 6 segments. The protein sequences of 16 mouse V 6 segments aligned 

for maximum similarity. The sequence data are derived from the references indi

cated (31, 32, 34, 86-89). The sequences of V 610, V 612 and V 613 are derived from 

eDNA clones that do not contain the complete V 6 gene segments. A simplified 

but arbitrary nomenclature is used. These names are equivalent to the following 

designations from other papers. v61 in Figure 4 = 86Tl (34) and v611 (89); 

V 62 = El (87) and V 66 (89); V 63 = 2B4 (32) and V 613 (89); V 64 = V 69 (89), V 65 = V 68 

(89), v66 = LB2 (87) and v61 ; v67 = HDSll (31) and v614 (89); v68•1 = C5 (87) and 

v 612 (89>· v 68.2 = v 64 (89); v 69 = v 62 <89); v 610 = v 63 (89); v 611 = v 65 (89); v 612 

= V 67 (89); and V 613 = V 610 (89). Members of the same subgroup are indicated by 

a fractional subgroup number, e.g., the V 68.1, V 68.2 and V 68.3 are members of a 

single V 68 subfamily. Conserved amino acids and amino acids important for VH

V L interaction are indicated. Conserved positions (> 7 5% frequency of a single 

amino acid) are indicated by an asterisk if this amino acid is conserved only in the 

6 gene family. If the same amino acid is conserved in other gene families as well, 

this is indicated by the letters in the open box. L = K and A.; H = heavy; a = a 

chain. The arrow indicates invariant or semi-invariant amino acids that are 

thought to interact with one another to stabilize VH-VL interactions in immuno

globulins. 
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Figure 5. V a segments. The protein sequences of 22 mouse V a gene segments 

aligned for maximum similarity. The sequence data are derived from the 

references indica ted (31, 33, 94, 9 5). The sequences are translated from the 

nucleotide sequences of eDNA clones, some of which were not full-length and 

therefore do not contain a complete V a gene segment. The T A26 eDNA clone has 

an internal deletion and it is not known if this represents a cloning artifact. A 

simplified but arbitrary nomenclature is used as described for the V 8 gene 

segment sequences. Individual V a gene segments were not numbered, because in 

some cases it was not clear whether two closely related V a gene segments were 

separate members of a subfamily:, alleles that differ between mouse strains, or 

possibly somatic mutants. Conserved amino acid and amino acids important for 

V H-V L interactions are indicated as described in the legend to Figure 4. 
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Figure 6. Comparison of murine J gene segments from six different gene families. 

In order from top to bottom, six J a' six J 6, one J y' two JH, two J K and two J ;x. 

gene segments are shown. J a gene segments are numbered according to the 

indicated references, the numbers are essentially clone numbers. Conserved amino 

acids found in most J gene segments are indicated by an asterisk. The position 

having conserved amino acids important for immunoglobulin V H-V L interaction is 

depicted by an arrow. Data are from the indicated references (71, 73, 75, 77, 78). 
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Figure 7. The genomic organization of a Ca, c6 and CY genes. Exons, numbered 

with Roman numerals, are depicted by boxes and introns by a horizontal line. Open 

boxes represent coding sequence and the hatched boxes represent 3' nontranslated 

sequences. The human Ca gene (76), the murine c62 gene (77, 78) and a murine 

CY gene from clone J-Cl0.5 (73) are indicated. The scale in kilobases is given. 
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Figure 8. A schematic representation of the evolution of the immunoglobulin gene 

superfamily. The order of divergences is inferred from sequence homology and 

exon/intron structure (l09). V and C denote a V- or C-like homology unit, 

respectively. The open circles for the MHC molecules do not exhibit sequence 

similarity with the immunoglobulin homology units, although they are of similar 

length. The Thy-1 homology unit does exhibit sequence similarity, although it is 

not easily classified as V or C and may have diverged prior to the V-C divergence. 

The horizontally paired homology units represent established domain structures, 

apart from those for the poly Ig receptor and the T8 molecule. The T4 gene and 

MRC-OX2 each have both a single V and a single C homology unit (not shown). 
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Figure 9. Three models for antigen receptor gene rearrangement. 

Rearrangements are shown schematically in a gene family with organizational 

features similar to the B gene family. The V, D and J gene segments and C genes, 

represented by boxes, are not drawn to scale. 1:1 = one-turn recognition signals for 

DNA rearrangement. fJ. = two-turn recognition signals for DNA rearrangement. 

The double diagonal line indicates V gene segments that have not been physically 

linked to D or J gene segments. For clarity, only rearrangement of a hypothetical 

V2 gene segment to an already-joined D-J2 gene segment is illustrated, although 

the same models apply to D-J rearrangements. a. Excision or deletion. A stem 

and loop is formed by base-paired DNA joining recognition sequences; this stem

loop is then excised and the adjacent sequences, connected by a broken line, are 

joined. b. Unequal sister chromatid exchange. The right-hand brackets represent 

the connection of the sister chromatids at the centromere. The broken line 

connects the breakpoints in the two chromatids. The sequences duplicated on one 

of the two segregated chromosomes are underlined. The diamond on the 

horizontal line between C l and V l denotes a recombination breakpoint containing 

DNA rearrangement signals joined in a head-to-head fashion. c. Inversion. The 

horizontal arrows indicate the transcriptional orientation of the various gene 

segments and C genes. This figure is adapted from reference 144. 
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Figure 10. 8 gene rearrangement by two mechanisms. The figure depicts the 

likely sequence and mechanisms of 8 gene rearrangement in a T helper cell line 

(86). The V 8, 0 8 and J 8 gene segments and c 8 genes are indicated by open boxes, 

flanking sequences by thin horizontal lines. The separate exons of the two c8 

genes are not shown. The drawing is not to scale. tJ. and 'V represent two-turn 

and one-turn DNA rearrangement signals, respectively. For simplicity, only some 

of the rearrangement signals adjacent to the gene segments are shown. ~ 

represents the joined rearrangement signals that result from the inversion, and the 

horizontal arrows indicate the transcriptional orientation of some of the relevant 

coding sequences. 
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Figure 11. A schematic outline of four stages in the ontogeny of the 

rearrangement and expression of ex, B and y genes. A zero superscript, as in yO, 

represents a germline y gene. A + superscript signifies productive rearrangement 

and a - superscript nonproductive rearrangement. The filled circle superscript 

represents a D-J rearrangement alone. The status of each homologue is 

illustrated; therefore y + /y- represents a cell with one productive and one 

nonproductive y gene rearrangement. The status of the gene rearranging at a 

particular stage is presented. Class I, T C = MHC class !-restricted cytotoxic T 

cell. Class II, T H = MHC class II-restricted helper T cell. 
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Figure 12. Junctional and N-region diversity in functional V 
8 

genes. Two 

rearrangements that include the V 83 gene segment but different D 
8 

and J 
8 

gene 

segments are illustrated; one from a lysozyme/1-A b specific T H clone (3H.25), and 

one from a cytochrome c/I-Ek specific T H hybridoma (284). The rearranged and 

germ line sequences are from the indica ted references (71, 77, 78, 81, 82, 148). 

For each rearranged gene, the germline gene segments that comprise it are listed 

above, and the rearranged sequence below. For the rearranged sequence, nucleo-

tides introduced by N-region diversification that are not in any of the germline 

gene segments are indicated, while nucleotides encoded in the germline are 

represented by a dot. A blank beneath a nucleotide encoded in the germline 

indicates those sequences deleted by the rearrangement event (junctional 

diversity). 
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Figure 13. Ds in three. The D 8 gene segments can be read in three reading 

frames. The nucleotide sequences of the two known D 8 gene segments are shown 

along with the part of the D region amino acid sequence that could be encoded by 

germline D gene segments, as opposed to nucleotides due to N-region 

diversification, from 15 V 8 genes. Sequences are from the indicated references 

(31, 32, 34, 87, 88, 148). The reading frame for each set of translated sequences is 

shown on the right. Those sequences in the same reading frame are enclosed by a 

bracket on the right, and the reading frame is indica ted by a number. 
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Table l 

Chromosomal Locations of the a, 8 and y Genes 

8 

y 

Mouse 

l~C-D 

6B 

l3A2-3 

Human 

l~qll-12 

7q32-35 

7pl5 

Details concerning the experimental methods 

and references are given in the text. 
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Table 2 

Gene Rearrangement and Expression in Developing T Lymphocytes 

DNA Rearrangements RNA Transcripts 

y 8 cr c8 ca 

9.0 kb 16.0 kb D-J V-D-J (1.3 kb) (1.7 kb) 

Fetal liver +I- +I- +/-(?) 
d 12-19 (dlJ only) (dl7-19 only) (dlJ only) 

Fetal thymus 

dl4 + 7/- +I- + 

dl5 + +I- + +I- + +I-
dl6 + + + + + +I-
dl7 + + + + + + 

Neonatal thymus + + + + + + 

Adult thymus 

Lyt-2-, LJT4- n.d. n.d. + + + + +I-
Lyt-2-, L3T4, gp-1 + n.d. n.d. n.d. n.d. n.d. 

The genomic arrangement and expression of the a, 8 and y genes in various developing 

populations is indicated. + = rearrangement or transcript is present. For detectable 

transcripts, different levels of abundance are not distinguished. +/- = rearrangement is 

present but in less than 1096 of the chromosomes or the transcript is barely detectable. 

- = rearrangement or transcripts not detectable. n.d. = not done. The 16.0 kb y gene 

rearrangement found in EcoRI cut DNA results from V Y -JY joining and could be productive; 

the sequences responsible for the 9.0 kb y gene rearrangement found in EcoRI digested RNA 

have not been characterized. The 8 gene rearrangement indicated by (?) is probably 

nonproductive, but it is not a D
8
-J8 rearrangement. The presence or absence of the 

complete 1.3 kb c8 and 1.7 kb Ca transcripts are listed in the table; the shorter C 8 and Ca 

transcripts are not included. The table is compiled from the references cited in the text. 

Information on other adult thymus subpopulations can be found in the indicated references 

(12, 173, 192, 193). 
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Table 3 

Potential Diversity in Murine T -Cell Receptor and Immunoglobulin Variable Regions 

Variable gene segment 

Diversity gene segment 

D in three reading frames 

Joining gene segment 

Combinatorial joining 

Combinatorial 

association 

Table 3 Legend 

Immunoglobulins 

H 

250 

10 

4 

250x 10x4 : 

lxl04 

L 

250 

250x4 = 
lxl03 

4 3 7 lxlO xlxlO = lxlO 

T -Cell Receptor 

a 

30 

2 

3 

12 

(30xlx3xl2) + 

30xlx3x6: 

1620* 

a 

100 

50 

l00x50 = 

5000 

1620x500Q = 8.lxl06 

* The calculation assumes the D a 1 rearranges to any of the 12 functional J 6 gene 

segments, but that D 62 rearranges only to the six functional J a2 gene segments. 
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Table 4 

Conserved Amino Acids Important for Immunoglobulin 

Variable Region Structure 

Presence in 

Amino Position in T -cell genes Intrachain Interchain 
folding 

Number acid immunoglobulins a B y (H bond) (V w V L interaction) 

1* CYS 23L, 22H + + + + 

2* TRP 3.5L, 36H + .. + +,with 12-13 positions 
C terminal 

3 TYR/VAL TYR = 36L + + + +1 with TYR(PHE) +,with TRP 103H 
VAL= 37H (TYR) (TYR) (TYR) &7L or 91H +, with PHE 9&L 

4* GLN 38L, 39H + + + +, with amino acid +, with GLN 38L 
&.5L or 89H or 39H 

5 PRO/LEU PRO= 44L + +,with TRP 103H 

LEU= 4.5H (LEU) +, with PHE 9&L 
and TYR &7L 

6 ASP &2L, 86H + + +, hydrogen bonds +,with TRP 103H 
to amino acid 79L 

or &3H 

7 ALA &4L, &&H + + +,with VAL 109H 

or VAL, LEU 104L 

8* TYR 86L, 90H + + + +, with THR 1 02L 
or 107H 

9 TYR(PHE)" 87L, 91H -.. -.. + +, with TYR 36L +, with PRO 44L 

or VAL 37H or LEU 45H 

10* CYS &8L,92H + + + +, with glycine 99L 
or 104H 

11 PHE/TRP PHE = 98L + + + +, with TYR36L ~~ 
TRP = 103H (PHE) PHE) PHE) +,with VAL37H 1

' 

12* GLY 99L, 104H + + 5 +, with CYS 88L 
or 92H 

13* THR 102L, 107H + + + +, with TYR 86L 
or 90H 

14 VAL, LEU 104L, 109H + + +, with ALA &4L 
or 8&H 
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Table 4 Legend 

Fourteen relatively conserved amino acids that may be important for intrachain 

folding and/or VH-VL interaction of variable region homology units. Immunoglobulin 

sequence data and numbering of the positions is according to Kabat et al. (229) The first 

10 positions are encoded by the V gene segment and the last four by the J gene 

segment. All conserved amino acids are present in >7596 of both light and heavy chain 

sequences, except for positions 36L or 37H (113), 44L or 45H (/15) and 98L or 103H (#11), 

where VL and VH each have a different conserved amino acid, and at 104L, where light 

chains have either VAL or LEU. The asterisk marks seven positions where the indicated 

amino acid is present in >9.596 of both VH and VL regions. Presence of the conserved 

amino acid in the V Y gene from pHD54, and in >7.596 of the V a' Ja, V 6 and J
6 

gene 

segments is indicated by a + under the appropriate column. If a conserved amino acid is 

involved in an intrachain hydrogen bond in both the light and heavy chains of the 

myeloma protein NEW, this is indicated by a + under intrachain folding. If this H bond 

involves a second conserved amino acid on both chains, this is also indicated. Conserved 

amino acids that interact with other conserved amino acids to potentially stabilize V H

VL interactions are also indicated by a + under the appropriate column along with the 

amino acid involved in the interaction. Two amino acids are considered to be in contact 

if X-ray diffraction studies indicate that at least one of their atoms are within 

1.2 van der Waals radii of one another. 1. 4.5a. Eighteen mouse alpha chains have 11 

prolines, six leucines and one methionine (Figure 5); the V Y gene has a phenylalanine. 

2. 886. Sixteen mouse a chains have eight aspartic acid, five glutamine and three other 

amino acids at this position (Figure 4). 3. 90s. Sixteen mouse V 6 genes have 10 

alanines, acids, three serines, and three other amino acids at this position (Figure 4). 

4. Light chains have 7096 tyrosine, 2996 phenylalanine, 196 other and heavy chains have 

8096 tyrosine, 1996 phenylalanine and 196 other amino acids. 92a and 93a. Twenty-two 

V a genes have 12 phenylalanines, five leucines, four tyrosines and one histidine (Figure 

5); 16 V 6 genes have eight leucines, seven phenylalanines and one tyrosine. 5. Alanine is 

present in V y" 
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Table 5 

V 8 Genes Expressed by Functional Murine T Cells 

Strain Specificity V 8 gene segments 

T ceH of origin Antigen MHC molecule Va Da Js Reference 

1.9.2 BlO.A(5R) (Am-DAsp) 1-Ek/b 1.1 88 

A20.2.15 (BALB/c x B6)F 1 Beef insulin l-Ad + 

El BALB/c trinitrophenyl l-Ad 2 2.2 87 

AR1 C57BL aHoreactive H-2d* 2 2.5 87 

A01T.8 B10.A lysozyme 1-Ak 2 1.3 ++ 
(aa 74-86) 

A10 B10.A ovalbumin 1-Ak 2 1.2 86 

2B4 B10.A cytochrome 1-Ek 3 2 2.5 71 

3H.25 C57BL/6 lysozyme l-Ab 3 1.2 148 

V11.5 Bl0A(5R) cytochrome c 1-Ek/b 3 1.2 1!. 

LB2 C67BL/6 chicken RBC l-Ab 6 2 2.3 87 

A01C.25.1 BlO.A lysozyme 1-Ek 6 lor2 2.2 ++ 
(aa 85-96) 

3F9 BALB/c alloreactive ob 6 lor2 1.1 159 

2C BALB.B alloreactive od 7 2.6 31 

C5 C57BL/6 DNP-ovalbumin l-Ab 8.1 2 2.5 87 

A01T.l3.1 B10.A lysozyme 1-Ek 8.3 1.1 ++ 
(aa 85-96) 

Vl5.4 B10.A(5R) cytochrome c 1-Ek/b 8.3 1.4 1!. 

A01C.9.4 B10.A lysozyme 1-Ek 10 1.2 ++ 
(aa 85-96) 

A01C.19.3 BlO.A lysozyme 1-Ek 10 lor2 2.2 ++ 
(aa 85- 96) 

]6-19 BlO.A ovalbumin 1-Ak 14 2.3 86 
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* Specific for an undefined MHC class I molecule. 

+ T. Wegmann, personal communication. 

++ J. Kobori and N. Shastri, unpublished data. 

f1 J. Goverman, unpublished data. 
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THREE T CELL HYBRIDOMAS DO NOT CONTAIN 

DETECT ABLE HEAVY CHAIN VARIABLE GENE 

TRANSCRIPTS* 

Bv MITCHELL KRONENBERG, ELLEN KRAIG, GERALD SIU, 
JUDITH A. KAPP.~ JOHN KAPPLER,f PHILIPPA MARRACK,f 

CARL W. PIERCE.* AND LEROY HOOD 

From the Division of Biology, Califomia Institute of Tech11ology, Pasadena, Califomia 91125 

There is considerable controversy as to whether or not the genes encoding the 
T cell antigen receptor are homologous to immunoglobulin gene segments. 
Results from a number of different experiments have been interpreted as 
evidence that T lymphocytes utilize heavy chain variable (V H) 1 regions to bind 
specifically to antigen. For example, some antiidiotypic and anti-V H framework 
sera interfere with T cell function and/or bind to antigen-specific factors secreted 
by T cells ( 1-3 ). In several cases, the gene encoding the cross-reactive determi
nant expressed by the T cells is linked to the immunoglobulin heavy chain gene 
cluster (4-9). Also, the genes encoding a series ofT cell alloantigens have been 
mapped to chromosome 12. between the CH gene locus, Igh-1, and the preal
bumin gene (9, 1 0). Recently. these alloantigens have been detected on antigen
binding factors secreted by T cells ( 11-13). It has been proposed that the 
antigenic determinants encoded by Cwlinked genes are T cell isotypes that may 
be expressed in conjunction with V H gene segments ( 10, 14). Furthermore, some 
T lymphocytes contain rearranged JH gene segments or a C,. transcript ( 15-23). 
This may indicate that the mechanisms controlling V wD-JH joining and immu
noglobulin transcription also operate upon homologous sequences in the synthesis 
ofT cell antigen-binding receptors. 

Experiments that report the expression of V H serologic determinants by T 
lymphocytes have provided the most extensive and convincing data in support 
of V H gene transcription by T cells. However, the serologic data are indirect, 
and there are three possible ways to interpret them. First, T and B cells 

*Supported by National Institutes of Health grants AI 17565. AI 18959, AI 15353 . AI 18785. 
and Public Health Service (PHS) grant no. IF 32CA06693 (to E. Kraig), awarded by the National 
Cancer Institute, DHHS. 

* Depts. of Pathology and Laboratorv Medicine, The Jewish Hospital of St. Louis and Depts. of 
Pathology and of Microbiology and Immunology, Washington University School of Medicine, St. 
Louis, Missouri 63110. 

I Dept. of Medicine, National Jewish Hospital and Research Center. Denver. Colorado 80206. 
1 Abbrn•iatious ustd in this paptr: eDNA, DNA complementary to mRNA: CH. heavy chain constant 

region: C.lgM constant region: D. diversity gene segment: GAT. L-glutamic acid60-L-alanine30-L
tyrosine10: GT. L-glutamic acid!0-L-tyrosine'0: HGG, human gamma globulin: JH. heavy chain joining 
gene segment: kb. kilobase: KLH,Iuyho/, limpPt hemocvanin: MHC. major histocompatibility complex: 
N P. 4-hvdroxy-3-nitrophenyl acetyl: PC, phosphorylcholine: SET. 0. 75 M NaCI/0.15 M 'Tris, pH 
8.0/ 5 mM ethvlenediaminetetraacetic acid: VH. heavy chain variable: V., kappa light chain variable: 
\',,lambda light chain variable. 

210 J. ExP. MED. ©The Rockefeller University Press . 0022-1007/ 83/ 07/ 0210/ 18 S 1.00 

Volume 158 July 1983 210-227 
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responding to the same antigen may express highly similar or identical V H gene 
segments. This is unlikely since, in several experimental systems the receptor 
synthesized by T cells responding to an antigen does not share all the serologic 
determinants present on the immunoglobulin synthesized by B cells responding 
to the same antigen (I, 24). In addition, we and others have demonstrated that 
idiotype-positive T and B lymphocytes that respond to the same antigen do not 
transcribe highly similar V H gene segments (25, 26). Second, it is possible that T 
cells use the repertoire of V H genes differently than B cells do. This might occur 
because T lymphocytes do not express light chain genes (3, 4) or because T cells 
recognize antigen in the context of syngeneic MHC gene products. If this were 
true, then T cells responding to an antigen may transcribe VH gene segments 
that have limited structural similarity to those transcribed in B cells responding 
to the same antigen, although these different V H gene products could share some 
idiotopes. Finally, it is possible that the V H cross-reactive determinants present 
on T cells and T cell factors are not the products of V H genes. 

In this paper, we report our attempts to determine whether any VH gene 
segments are expressed in T lymphocytes. eDNA libraries were constructed from 
a suppressor T cell hybridoma specific for the synthetic polypeptide GAT, and 
from two helper T cell hybridomas, one specific for HGG and the second 
responding to KLH. The eDNA libraries were hybridized with two sets of 
probes; each set capable of detecting a wide range of V H gene segments. In 
constructing the probes, no assumptions were made concerning the degree of 
homology between the B cell heavy chain variable regions binding GAT, HGG, 
or KLH and V H gene transcripts that might be present in the T cell hybridomas. 
One set of probes was a synthetic oligonucleotide complementary to a conserved 
sequence found at the 3' end of many mouse VH gene segments and a single
stranded eDNA synthesized primarily from the heavy chain variable genes 
present in spleen RNA. The second set of probes was two cloned V H gene 
segments, one from the VHII gene subgroup and one from the VHIII gene 
subgroup. The eDNA libraries were sufficiently large so that the chance of 
detecting a sequence found in the nonabundant messenger RNA class (I 0-20 
copies per cell) was excellent. Since no VH-containing eDNA colonies were found, 
we conclude that V H gene segments are not likely to encode the T cell antigen
binding receptor. 

Methods 
R.\'.J.. Prep(lra/ion. T cell hybridomas were grown in liquid culture and harvested. The 

cell pellets were lysed in guanidinium thiocyanate, and the RNA was prepared bv 
centrifugation through a cushion of cesium chloride (27). The percent yield and the 
amount of RNA per cell were estimated using a recovery marker as previously described 
(20). RNA was similarly prepared from spleens of 6-mo old BALB/ c Cum mice. Poly(A)"'" 
RNA was purified by two cycles of oligo(dT)-cellulose chromatography (28). 

rD.\'A. S_ruthesis. Double-stranded eDNA was synthesized as described (29, 30). First 
strand synthesis was initiated by random priming using sheared calf thvmus DNA (31 ). 
The double-stranded eDNA was fractionated by gel filtration and the material ranging in 
size from 400 to 1.500 base pairs was pooled. The average length of the eDNA was -800 
base pairs. The eDNA was cloned into the Pst I site of the tetracycline-resistant plasmid 
pBR322 bv annealing dC-tailed eDNA to dG-tailed vector (32). Bacterial strain MC I 061 
(33) was transformed .,.·ith eDNA and the transformams were selected with tetracycline 



284 

212 T CELLS DO NOT EXPRESS V GENES 

(34). We obtained -106 colonies per ~g of eDNA. Transformation with vector alone (dG
tailed pBR322) yielded a 2% background. 

Synthetic Oligonucleotides. Two undecamers were synthesized separately by Dr. S. Hor
vath (California Institute of Technology) by the phosphite coupling method (35, 36). The 
sequences were verified by the method of Maxam and Gilbert (37). The oligonucleotide 
probes were labeled with 5' -h·-'2P)dATP to a specific activity of >2 ~Ci/pmol using T4 
polynucleotide kinase (38). Filters were prehybridized and hybridized with the radioactive 
oligonucleotides at 4•c as previously described (25). The filters were washed with several 
changes of 5X SET (0. 75 M NaCI/0.15 M Tris, pH 8.0/5 mM EDT A) with 0.1% sodium 
pyrophosphate between 12 and 2o•c and were then exposed to film. 

Specially Primed eDNA Made from Spleen RNA. The primer was prepared by purifying 
a 2-kb Hpa II fragment containing the four JH coding sequences from a subclone derived 
from the bacteriophage lambda clone ChSp ~27, which contains germline BALB/ c DNA. 
This 2-kb fragment was then digested with the restriction enzymes Dde I, Hae III , Pst I, 
and Rsa I. This results in a number of restriction fragments, including four that contain 
part oftheJH coding sequences (21). The restriction fragments were denatured by boiling 
and annealed to poly(At RNA from spleen. eDNA synthesis primed with the annealed 
JH fragments was carried out as described (29). The concentration of a-52P-labeled and 
unlabeled deoxynucleotide triphosphates was adjusted so that the synthesized material 
had a specific activity of 2-3 X 10 cpm/~g. RNA in the reaction was hydrolyzed with 
alkali and the single-stranded eDNA was separated from unincorporated nucleotides by 
gel filtration. The yield of eDNA was -0.5% the mass of spleen RNA in the reaction; a 
fourfold stimulation over a reaction with no added primer. Filters were prehybridized at 
50•c and hybridized at the same temperature with 5 ng/ml of JH·primed eDNA for 48 
h. Conditions were otherwise as previously described (25). Filters were washed at 5o•c in 
several changes of 5X SET /0.1% sodium pyrophosphate/0.1% SDS before exposure to 
film . 

V Region Probes. The plasmid pI 07V I contains the entire gene segment coding for 
the heavy chain variable region expressed in the SI07 myeloma (39). The VH gene can 
be separated from the pBR322 vector DNA by digestion with Pst I. The plasmid pVH, 
obtained by the laboratory of Dr. Sam Strober, was provided by Dr. Michael McGrath, 
Stanford University. This plasmid has a 1-kb Bam HI fragment that contains the heavy 
chain variable gene expressed by the BCLI lymphoma (40). The I-kb Bam HI fragment 
of pVH, and the 445 base pair Pst I fragment of pl07V I were nick translated (41) to a 
specific activity of 1-8 X 108 cpm/~g. Filters hybridized with these probes were handled 
as described for the Jwprimed eDNA except that the probe was present at a concentration 
of 0.2-1.0 ng/ ml. 

Colony Hybridization . Nitrocellulose filters (HATF I3750, Millipore, Bedford, MA) 
were replica plated and prepared for in situ hybridization as described (42). Duplicate 
filters were annealed with each probe. For each screening, a positive control filter with 
colonies containing a heavy chain variable gene segment (MOPC21) was hybridized in 
parallel (Fig. I). 

Southern Blots. Plasmid DNA was prepared from clones isolated from the eDNA 
libraries. This DNA was digested with various restriction endonucleases, separated by 
molecular weight in I% (wt/vol) agarose gels and transferred to nitrocellulose {43). The 
filters were then hybridized with the synthetic oligonucleotides or the JH·primed spleen 
eDNA as described above. 

DNA Sequmcing. Restriction fragments were labeled at the 5' end with 52P--y-dATP 
using polynucleotide kinase (3 7) or labeled at the 3' end with ' 2P-a-cordycepin-5 '
triphosphate using terminal deoxynucleotidyl transferase (44). The labeled fragments 
were cut internally with a second enzyme and those isolated fragments were sequenced 
according to the method of Maxam and Gilbert (37). 

Results 
eDNA libraries were constructed from three different T cell hybridomas. 

Some features of the three hybrid cell lines are summarized in Table I. These 
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FIGURE 1. Positive control hybridizations to eDNA colonies containing a cloned VH gene 
segment. A circular nitrocellulose filter containing DNA from several thousand identical 
pF9V21 (MOPC21) VH eDNA clones was cut into sections. Hybridization conditions are 
described in the Methods section . The hybridization probes were: (a) Radiolabeled synthetic 
oligonucleotides. The filter was exposed to film for 12 h. (b) Radiolabeled Jwprimed spleen 
eDNA. The filter was exposed for 24 h. (c) pVH! plasmid containing the BCLI V H gene. The 
filter was exposed for 10 h. The same section of filter was hybridized to the synthetic 
oligonucleotides washed to remove the probe and was then hybridized with the Jwprimed 
spleen eDNA. 

TABLE I 
T Cell Hybrids Used to Construct cDXA Libraries 

1 

Hybridoma Normal T cell parent Fusion partner Antigen Functional Refer-
specificity class ence 

AODK 10.4 KLH immune 810.02 A040.10AG1 KLH +l-Ad Helper 60 
AODH 7.1 HGG immune DBA/ 2 A040.10AG1 HGG +l-Ed Helper 60 
395A4.4 GT immune 810.5 BW5147 GTand GAT Suppressor 59 

cells were chosen for several reasons. First, they have retained function that is 
antigen specific, and in two cases MHC restricted. Second, they grow continu
ously in the absence of irradiated feeder spleen cells that , if present, could 
contribute contaminating immunoglobulin sequences to the T cell RNA prepa
rations (21 ). Third, the hybridomas are specific for structurally unrelated anti
gens and are therefore likely to employ rather different antigen-binding recep
tors. If T lymphocytes do transcribe V H gene segments, this should increase the 
probability that the probes will have sufficient homology to hybridize with a V H 

gene transcript from at least one of the lines. Finally. two hybridomas help B 
cells secrete antibody and the third secretes a specific suppressor factor . Since 
most reports of idiotype expression by T lymphocytes involve the helper or 
suppressor functional subclasses, these types of cells may be best suited for the 
detection of VH transcripts (2, 3, 7). To detect virtually any VH gene transcript 
present in these cells, we employed two experimental strategies for screening the 
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eDNA libraries. 
Hybridi:ation lt'ith S_ynthetir Oligonucleotides and }wPrimed rD.\".4. In the first 

attempt. two types of probes, synthetic oligonucleotides and a Jwprimed cON A, 
were used to screen the libraries. Each probe will hybridize to a variety of V H 

gene segments, as well as to some sequences that do not contain V H genes. The 
frequency of such non-V H hybridizing sequences is low, so that a clone hybrid
izing with both types of probes probably contains a V H gene segment. 

The sequences of the eleven-base synthetic oligonucleotides are 5' GCA CAG 
T AA/G T A 3'. These probes are complementary to a highly conserved sequence 
found at the 3' end (amino acids 95-98) of mouse heavy chain variable region 
gene segments. A sequence perfectly complementary to either oligonucleotide is 
found in 509( ( 17 / 34) of the murine V H genes for which DNA sequence data 
are available. The degree of homology of the cloned murine V H gene segments 
to the oligonucleotides is listed in Table II. Furthermore, in those cases for which 
no DNA sequence but amino acid sequence data are available, 78% (18/ 23) of 
the mouse immunoglobulin variable regions have tyr-tyr-cys-ala at positions 95-
98, and therefore may share complete homology to one of the probes (45 , 46). 
However, the oligonucleotide is not long enough to identify unambiguously a 
VH gene segment. Given the number ofnucleotides of genomic DNA transcribed 
into RNA, and the random chance of occurrence of an 11-nucleotide sequence, 
we calculate that any mouse cell,' whether it synthesizes immunoglobulin or not, 
should contain about five species of messenger RNA that will hybridize with 
each oligonucleotide.2 

The second type of probe was a eDNA synthesized from spleen RNA (Fig. 2). 
The spleen contains a relatively high proportion of B cells that should express 
many different immunoglobulin heavy chains. Therefore, it was possible to.use 
]H DNA as a primer to stimulate the synthesis of a radioactive single-stranded 
eDNA complementary to many V H genes. Using either Southern blots or hybrid
ization to cloned DNA spotted onto nitrocellulose filters, the specifically primed 
eDNA hybridized to all five VH gene segments that were tested. These include 
T15, MOPC21, VHB2, Vl4A, and Vl4B (V14B did not hybridize on one blot 
[21 ]. but did on a second attempt). Since two of the hybridizing gene segments, 
Tl5 and V HB2, share <60% homology, this probe should hybridi"ze to a large 
number of different V H sequences. In addition, the specifically primed eDNA 
does hybridize to a few cloned DNA segments that do not contain VH genes (M. 
Kronenberg, unpublished observations). There are two explanations for hybrid
ization to sequences lacking V H genes: (a) There is a significant amount of cD N A 
synthesis in the absence of added primer (see Methods) that should not be 
enriched for immunoglobulin sequences. (b) The primer DNA is a mixture of 
restriction fragments from both the ]H gene segments and the intervening and 

2 A number of measurements have indicated that most mammalian cells, including lymphocytes, 
contain -104 different sequences or species of mRNA of average length 2 x I O' nucleotides (48-
51). Thus, -2 X 107 base pairs (s 104 X 2 X 10') of genomic DNA are transcribed into mRNA. 
The random chance of any one of the four nucleotides occurring at a particular place in a DNA 
sequence is I I 4; therefore, if we ignore the effects of base composition and nearest neighbors, the 
probability that an 11-nucleotide sequence will occur is (1 / 4) 11 

• 2.5 X 10"7
• Mu ltiplying the 

probability of occurrence for the undecamer by the number of nucleotides in the mRNA gives the 
number of different mRNA species expected to be perfectly complementary to the oligonucleotide, 
(2 X 107

) (2.5 X 10-7
) .. 5. 
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TABLE II 
Homolor;y of Murine V H Gme Segmmts to the Hybridiwtion Probes 

Homolog)· of cloned \' H gene scgmems to the 
Cion..! 

Derivation h~·bridization probes 
\ 'H gene 

of clone• 
Comments Reference 

segment SyntM-tic un-
5107\'lf BCLJf 

decamen1 

\'HTI5(\"I) G I 1/ 1 I 100 56 TIS gme familvl 39. 70 
\"II G I 1/ 11 90 59 T I 5 gene familv 70 
\ ' 13 G II / II 86 56 Tl5 gene famil•· 70 
5107\'1 R I 1/ 1 I 100 56 T I 5 gene famil•· 39 
M603 R I 1/ 11 98 56 T I 5 gene familv 39 
MOPC167 R 10/ 11 96 56 Tl 5 gene familv 71 
\'14A G 10/ l I 75 55 S. Cre~•s. unpublishe-d 
\ ' 148 G 10/ 1 I 73 54 5. Cre,.·s. unpublished 

""76 R 10 / 1 I 74 55 72 
\'102 G I l / 11 58 77 543 gene famil)· 73 
\'23 G 10/ 1 I 58 78 543 gene famil•· 73 
\'3 G I l / 11 59 76 S43 gene fami ly 73 
\'186-1 G 9/ 1 I 58 76 543 gene family 73 
\'I d6-2 G 10/ 1 I 58 76 S43 gene family 73 
S4 3 R 10/ l I 56 74 S43 gene familv n 
Bl ·d R 10/ 11 58 76 S43 gene family 73 
pCHI05 G 10/ l I 60 78 ill PC I I gene family 74 
pCHIOSA G I l / 1 I 59 82 MPCI I gme family 75 
pCHI088 G I l / 1 I 57 80 M PC I I gene family 75 
MPCII R 10/ l I 59 74 MPCII gme famil)· 76 
\ 'HIOI G 10/ 1 I 59 57 77 
\'HIOI R I l / 1 I 60 57 Relat.d to VHIOI-G 77 
PJ14 G I l / 1 I 57 56 78 
Ml41 R 10/ 1 I 57 57 Relat.d to PJ 14 78 
\ 'HHI G 11 / 1 I 71 57 79 
l:PCIO R 10 / 1 I 70 57 Related to V HH I 80 
BCll R 8/ 11 56 100 40 
J55d R I 1/ 11 -·· l:npublished 
MOPC21 R I l / 1 I 71 58 H : this paper 
\'H82 R I 1/ 1 I 54 74 81 
\ ' H849 R I 1/ 11 56 50 81 
\'H(;AT R 10/ 1 I 57 71 25 
93(;7 R 10/ 1 I 56 78 82 
G582.2 R I 1/ 1 I 58 73 83.84 

• G. germ line \'H gene segment; R. rearnngrtl \'H gene s.egmem. Five gene- segments considered to be ~udogenes ha\·e not been 
included in this compilation. 

I Smthetic oligonucleotidn • ·e svnthnized oro: 5 'GCACAGTA•/cTA3 ' . The degree of homolog) is expressed as a fnction. the 
denon1imuor bring the length of the- o ligonucleotldes (II) and the numt>rator being the maximal number of residues homologous 
to either und«amer. 
Percent homo~· of VH gme segn1enu to the 5107\' 1 and BCLI probn. Gaps • ·ere introduc.d "·here appropriate to compensate 
for the difTermt lengths of the hypernriable region•. The complete amino acid sequenct of the protem produc.d b\· the 5107 
myelon.t~ and th~ nucleotide M"qUmce of the germlint- g~e (\'1) encoding this protein art both a,·ailable . Ho ... ·e,·er, the nucleoude 
se-quence of the rearranged SI07VI eDNA '-''t used as a pro~ is not complete. BaK'd on the protein sequence "'·e ha,·e assumed 
the reammgrd and germline gene are identic-.. 1. although t~ possibility of a fe•· silent nucle-otide subsmutions has nm ~n ruled 
out. 

C.ene famil)· Mnotes a set of closely relat~ ~uencn. Somr mtrnben of 1he TIS family are in\·olved in the response w 
phosphorylcholine. Some memben of the 54~ family are involv.d in the rnponse to NP (4-hvdroxv·3·nitrophem·l<!cet\·l). 

•• lnsuffKienl nucleotide teqUt>OCC' data arr available. 

nearby flanking sequences. Some of the fragments from the noncoding DNA 
may prime eDNA synthesis from nonimmunoglobulin sequences in spleen RNA. 
It is possible that some of the non immunoglobulin sequences that hybridize with 
the probe are repeated DNA sequences that are transcribed abundantly in spleen 
cells. We have not, however, characterized these hybridizing sequences. 

To demonstrate that these probes can detect a V H sequence we screened a 
eDNA library made with RNA extracted from a B cell hybridoma (25). A colony 
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Synthesis of ~ Primed eDNA 
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FIGURE 2. Symh~is of ]wprimed eDNA from spleen RNA. Coding sequenc~ on the 
immunoglobulin heavy chain messenger RNAs are indicated as follows: C, constant region; J, 
joining gene segment; v. and vb. tWO different VH gene segments. The ]H primer is indicated 
by the thick horizontal line. The short vertical lin~ represent hydrogen-bonded base pairs 
and the asterisks represent radioactive nucleotid~ incorporated into eDNA. 

that hybridized with both the oligonucleotide and the Jwprimed eDNA (21) was 
characterized further. The nucleotide sequence of this eDNA clone (Fig. 3) 
indicates that it encodes the MOPC21 heavy chain variable region synthesized 
by the P3-X63-Ag8 myeloma parent cell. The clone includes almost the entire 
V H gene segment beginning at the codon for amino acid 2 as well as the entire 
D and JH4 gene segments. 

Having determined that these probes were able to detect B cell V H gene 
segments, we screened the three T cell eDNA libraries with the synthetic 
undecamers. The filters were hybridized and washed under conditions such that 
11 I 11 homology was required to give a positive signal. 54 positive colonies were 
found (Table III). A single filter containing three hybridizing colonies is shown 
(Fig. 4). The frequency of positives was low, indicating that these cells do not 
contain abundant RNA molecules with sequences complementary to the uncle
earners. Northern blots hybridized with the synthetic oligonucleotide gave a 
similar result (M. Kronenberg, unpublished observations). In fourteen cases, the 
colony that hybridized with the oligonucleotide was isolated and the plasmid 
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Q L V E 5 G G G L V Q P G G 5 R ~ L 5 C A A 5 G F 
TGCAGCTGGTGGAGTCTGGGGGAGGCTTAGTGCAGCCTGGAGGGTCCCGGAAACTCTCCTGTGCAGCCTCTGGATTC 77 

T F 5 5 F G ~ H W V R Q A P E ~ G L E W V A Y I 5 
78 ACTTTCAGTAGCTTTGGAATGCACTGGGTTCGTCAGGCTCCAGAGAAGGGGCTGGAGTGGGTCGCATACATTAGT 152 

5 G 5 5 T L H Y A 0 T V ~ G R F T I 5 R 0 N P ~ N 
1~3 AGTGGCAGTAGTACCCTCCACTATGCAGACACAGTGAAGGGCCGATTCACCATCTCCAGAGACAATCCCAAGAAC 227 

T L F L Q ~ T 5 L R 5 E 0 T A ~ Y Y C A R W G N Y 
228 ACCCTGTTCCTGCAAATGACCAGTCTAAGGTCTGAGGACACGGCCATGTATTACTGTGCAAGATGGGGTAACTAC 302 

FIGURE 3. Nucleotide sequence of a VH eDNA clone (F9V21) detected with the svnthetic 
oligonucleotides and Jwprimed spleen eDNA. The predicted amino acid sequence is sho.,...n 
above the DNA sequence. The sequence agrees with one previously reponed for the MOPC21 
VH gene (73), except for the 209th nucleotide, which was cytidine instead of adenosine. This 
difference is silent with respect to the predicted amino acid sequence. As noted previous!\·, 
there are six discrepancies between the published amino acid sequence for MOPC21 and the 
nucleotide sequence (45, 73). The F9V21 eDNA clone begins in the middle of the codon for 
the second amino acid, and contains the entire V H. D, and JH4 gene segments. A portion of 
the D and the entire JH gene segment are not shown. The 11-nucleotide sequence comple
mentary to one of the synthetic nucleotides is underscored. 

TABLE III 
Colon_v Hybridi1.11tion Results 

Synth~ic oligonucl~tides JwPrimed spl«n DNA 
eDNA 
Libra I'}· Colonie> Positive 

Frequ<ncy 
Colonies Positive 

Frequency 
h•·bridized colonies hybridized colonies 

Colonies Posit i .. · ~ 
FrequenC\' 

hvbridized colomes 

AODKI0.4 140.000 I / 20.000 26.000 55 l / 500 140.000 0 
A0DH 7. 1 200.000 l / 50.000 18.000 10 1/ 1.800 200.000 0 
~9oA4 .4 920.000 43 1/ 21.000 200.000 145 1/ 1.400 920.000 0 

DNA prepared from the bacterial clone. Southern blots of this plasmid DNA 
also hybridized with the oligonucleotide, thereby confirming the colony hybrid
ization results (Fig. 5 ). 

Following hybridization with the oligonucleotides, the three eDNA libraries 
were screened with the Jwprimed eDNA. To test for colonies homologous to 
both probes, all filters that contained a colony that annealed with the oligonucle
otide were hybridized with the eDNA probe. The frequency of positive colonies 
was 15- to 40-fold higher with the Jwprimed spleen eDNA than was obtained 
with the synthetic probe (Table Ill). However, none of the colonies that hybrid
ized with the spleen eDNA also hybridized with the oligonucleotide (Fig. 4). 
Plasmid DNA isolated from fourteen colonies that hybridized with the undeca
mer was also tested with this probe. None of the isolated plasmid DNA hybridized 
with the Jwprimed eDNA (Fig. 5). 

Hybridiwtion with Cloned VH DNA Sequences. Using cloned VH DNA probes 
and hybridization conditions of decreased stringency, it is possible to detect 
eDNA colonies containing VH genes that are only 55-60% homologous to the 
probe (S. Crews, unpublished observations, Fig. 1). We therefore screened the 
three T cell eDNA libraries with VH probes from the Sl07 (VH subgroup III) 
and BCL I (V H subgroup II) tumors. These were chosen because the complete 
DNA sequences of these V H gene segments are available and because fragments 
of the appropriate sizes are easily prepared without contaminating vector or 
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FIGURE 4. Hybridization of the synthetic oligonucleotides and Jwprimed spleen eDNA toT 
cell eDNA colonies. A single circular filter containing several thousand colonies from the 
395A4.4 suppressor T cell eDNA library is shown. (A) Hybridization with the synthetic 
oligonucleotide. The arrows indicate three colonies to which hybridization of the radiolabeled 
synthetic oligonucleotides was detected in a 72-h exposure. A duplicate filter gave the same 
pattern of oligonucleotide-positive colonies. (B) Hybridization with the Jwprimed spleen 
eDNA. After incubation of the filter at so•c to remove the hybridized oligonucleotides, the 
same filter as shown in (A) was hybridized with the radiolabeledjwprimed spleen eDNA. The 
signal from positive colonies varies and some nonspecific background is present. The filter 
was exposed for 48 h. The arrows mark the position of the three oligonucleotide-positive 
colonies. None of the colonies hybridized with both probes. 

much flanking DNA. However, there were no colonies in the three T cell eDNA 
libraries that hybridized with either of these probes. A positive control filter with 
colonies containing the MOPC21 VH gene segment hybridized with pVH3 , which 
contains the VH gene expressed in BCLI (Fig. 1). The MOPC21 and pVH3 VH 
gene segments share only 58% homology. Table II indicates that the VH gene 
segments for which nucleotide sequences are available have greater than 56% 
homology to at least one of our probes. Therefore, it is likely that we could have 
detected all of these V H genes. 

Discussion 
We have utilized several strategies to evaluate whether T cells express any V H 

gene segments. To accomplish this, we had to construct DNA probes capable of 
detecting many different V H genes. The Northern blot hybridization is the most 
direct method to test for a particular transcript present even at the level of a 
single copy per cell (20). For the detection of possible V H transcripts in T cells, 
we decided instead to screen large eDNA libraries. There are two reasons for 
doing this. First, we have found that it is possible to detect V H sequences <60% 
homologous to the probe in hybridizations to eDNA colonies (Fig. 1), while 
>80% homology is required when hybridizing under conditions of moderate 
stringency to Northern blots (25). This difference may reflect a number of 
factors, including the concentration of the filter-bound nucleic acid. In addition, 
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FIGURE 5. Southern blots of some oligonucleotide-positive T cell eDNA colonies. Plasmid 
DNA was prepared from several T cell eDNA clones that hybridized with the synthetic 
oligonucleotides. Restriction mapping of the plasmids indicated they contain an average of 
800 base pairs of mouse eDNA insened into the pBR322 cloning vector (4 .36 kb). The 
purified plasmid DNA was digested with the restriction enzymes Eco Rl and Pvu II. Digested 
DNA was electrophoresed on 19( agarose gels and blotted onto nitrocellulose sheets. Migration 
distances of some molecular weight markers, and their lengths in kilobases, are indicated. 
Lanes 1-3 and 6-9 contain ON A from separate oligonucleotide-positive colonies isolated from 
the 395A4.4 library. Lane 4 contains pBR322 vector DNA. Lane 5 contains the MOPC21 VH 
eDNA. (a) Hybridization with the radiolabeled synthetic oligonucleotides. Exposure was for 3 
h. (b) Hybridization with the radiolabeledJH·primed eDNA. The filter was exposed for 24 h. 

we have achieved a greater hybridization signal to filter-bound DNA as opposed 
to RNA, even when both nucleic acids contained identical sequences, were 
electrophoresed in parallel, and were hybridized to the same probe in the 
presence of 50% formamide (M. Kronenberg, unpublished observations). Sec
ond, the initial strategy to detect a V H gene segment involved the use of two 
probes that could hybridize to a number of sequences, including those not 
containing V H genes. Since there are multiple sequences present in the poly( At 
RNA that hybridize to these probes, we detect diffuse smears rather than discrete 
bands on Northern blots. By contrast, each cloned eDNA in the library is 
physically separate and could be analyzed individually for the possibly rare 
sequences that hybridize with both probes. 

The eDNA libraries were screened with a synthetic oligonucleotide and a Jw 
primed eDNA made from spleen RNA. This method has been characterized 
extensively by test hybridizations (21) and by the cloning and sequencing of the 
MOPC21 VH eDNA from a B cell hybridoma (Fig. 3). Of the -1.2 X 106 

colonies from three T cell eDNA libraries hybridized with the synthetic oligo
nucleotide, 54 clones were positive. Because of the relatively short length of the 
probe, we would have predicted, on statistical grounds, the existence of such 
colonies even in eDNA made from nonlymphoid RNA. None of these colonies 
also annealed with the specifically primed spleen eDNA when tested in situ (54 
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cases) or after Southern blotting the purified plasmid DNA ( 14 cases). A relativelv 
large number of colonies did , however, hybridize with the spleen eDNA prob~ . 
The identification of colonies that hybridized with either one of the two probes 
provided an internal control and indicates that there was no technical problem 
with the screening that would have prevented us from identifying clones of 
interest. Positive control hybridizations with V wcontaining colonies support this 
conclusion. Since no colonies hybridized with both probes, we conclude that V H 
gene segments are absent from these libraries. Hybridization with cloned V H 
DNA gene segments under conditions whereby sequences <60% homologous to 
the probe could be detected constituted a second, independent test for the 
presence of VH genes. By hybridizing the eDNA libraries with just two VH 
sequences from different heavy chain subgroups. we -should be able to detect all 
of the well-characterized VH genes. NoT cell eDNA colonies hybridized with 
these prohes, confirming the result obtained by the first method. 

While B lymphocytes expressing cell-surface IgM contain 100-200 copies of 
C,. RNA per cell (17, 47), a messenger RNA for the T cell receptor may not be 
this prevalent. The bulk of the 5,000-15,000 sequences found in most eucaryotic 
cells, including lymphocytes, are in the low abundance class ( 10-20 copies/ cell) 
( 48-51 ). Our calculations indicate that we had a good chance of detecting V H 
sequences transcribed at this level (Table IV). For example, if there were a V H 
sequence homologous to the probes and present at 10 copies per cell, the 
probability of detection would be 77 o/c for the AODK 10.4 eDNA library , 88% 
for the AODH 7.1 eDNA library, and >99% for the 395A4.4 library. The 
probabilities of detecting a sequence present at 15 or 20 copies per cell are 
higher. If each library construction and screening were an independent event, 
then the overall probability of not obtaining a V H clone that is present at 10 
copies per cell becomes extremely low (0.23 X 0.12 X 0.01 = 0.00028). This 
analysis cannot exclude the possibility of expression of V H genes at one or even 
a few copies per cell. However, there is some indication that these hybrids 
synthesize a significant amount of receptor protein. The T cell hybridoma AODH 
7.1 binds antigen avidly in the presence of the proper antigen-presenting cells 

TABLE IV 
Probability of Cloning a Rare mR.NAfrom the T Cell eDNA Libraries 

pg I Copy/coli 10 Copin / cell 15 Copin / cell 
pg RSA pgRNA Poly( At 

H\·bridom<il per cell per cell RNA per .\"(ColoninJI 
(vield)• (totalf cell fl p•• p p 

(yield)• 

AODKI0.4 5.8 9.! 0.15 105.000 l / 715.000 0.14 1/ 71.500 0.77 1/ 46.500 0.90 
AODH7.1 s.s 5.0 0.05 150,000 l / 715 .000 0.19 l / 71.500 0.88 l /46.500 0.96 
395A4 .4 3.1 4.8 0.13 690,000 l / 7 15.000 0.62 1/ 71.500 <0.99 1/ 46.500 < 0.99 

• RN A vield ntimated from aboorbance at 260 nm. 
f Cakubted by multiplying the yield of RNA by the recovery of a small amount of sH.Jabeled ""' urchin RNA added to the preparation. 

Rccov~n· was at lnlt 60<;t in each c:aw. 
I .\"is the ~umber of colonies in the library hybridized: .\" has been corrected on the assumption that 25~ of the RNA is ribosomal or other 

nonpolvadenylated specin. This fraction was estimated follo..-ing gel electrophoresis of the polv(At RNA. 
I f is the fraction of the mass of total cell poly( At RNA present in a given sequence. We a.ssumed each cell contains 0.3 pg of polv(A t R~A . 

We considered a sequence of 800 nucleotides, the average length of the eDNA clonn. present at either I . I 0. or 15 copin per cell. 
•• Probabilit\· of cloning a gen~ calculated from the formula . P • I - (1 ·/f: auumes the probabi li ty of detecting a cloM is a function of its 

abundance in lhe R~A popubtion. Se-e diKuuaon for drtails. 
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and almost all the cells in the culture retain this ability (J. Kappler and P. 
Marrack, unpublished observations). In addition, the 395A4.4 hybridoma con
stitutively synthesizes both an antigen-binding suppressor factor and an antigen
binding receptor. We therefore consider it unlikely that the receptor mRNA 
could be present at an extremely low-copy number. 

The calculated detection limit depends on a formula that assumes that the 
probability of detecting a cDN A is solely a function of the abundance of its RNA 
template in the population (52, 53). This will be true only if the synthesis and 
cloning of cDNAs uses all templates with equal efficiency. Although factors such 
as secondary structure of an RNA (54) may influence the ultimate cloning 
efficiency, there does not appear to be a selection against cloning of heavy chain 
variable region eDNA. In addition, since the bulk of the first strand of eDNA 
synthesis is shorter than the average 2-kb length of an mRNA, there is an intrinsic 
bias towards obtaining eDNA clones containing sequences close to the point of 
initiation of synthesis. By using a sheared calf thymus DNA primer to initiate 
eDNA synthesis randomly at many points along the RNA templates, as opposed 
to an oligo(dT) primer that will initiate synthesis only at the 3' end, we eliminated 
any bias towards obtaining clones corresponding to only one end of the messenger 
RNA. Given these considerations, we feel justified in using the formula shown 
in Table IV. Finally, in order to calculate the probability of cloning a particular 
messenger RNA, we needed to estimate the amount of poly(At RNA per cell. 
Each of the hybrid cells contains between 5 and 10 pg of total RNA (Table IV). 
We assumed that 0.3 pg of this total is in the poly(At fraction, although our 
actual yield was substantially lower, between 0.05 and 0.15 pg per cell. Poly(At 
RNA selected by oligo(dT)-cellulose chromatography will contain a residual 
poly(At component that is mostly ribosomal RNA. Since this material may give 
rise to a proportionate fraction of the r.DNA colonies in Table IV, we corrected 
.\', the number of colonies screened, to account for the contaminating poly(At 
RNA. 

The calculations are based upon reasonable estimates of the purity of the 
poly(At RNA and the amount present per cell. However, if we assume there is 
somewhat more than 0.3 pg of poly(At RNA per cell, or if the poly(At fraction 
of the RNA preparation is <75% of the total mass, the basic conclusion remains 
valid. For example, if the oligo(dT)-passaged RNA were only 50% pure, the 
probability of detecting a homologous V H sequence present at I 0 copies per cell 
becomes 63% for the AODK 10.4 eDNA library, 75% for the AODH 7.llibrary, 
and >99% for the 395A4.4 library. 

Although unlikely, it is possible that the three T lymphocytes might express a 
V H gene that could not be detected by either of our two screening methods. The 
DNA sequence homology of mouse V H gene segments to our probes is presented 
in Table II. TheJwprimed spleen eDNA hybridized with all of the five VH gene 
segments tested (21). In addition, homology with the undecamers does not 
appear to be restricted to any particular type of heavy chain. Some murine V H 
genes coding for proteins in subgroups I, II, and III, as well as three out of four 
human V H gene segments (all subgroup Ill) have complete homology to these 
probes (55 , 56). Even two mouse germline v~ gene segments have 10/ 11 
matching nucleotides (57, 58). However, the synthetic oligonucleotides will not 
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hybridize with half of the known murine V H gene segments. In principle, none 
of these genes would have been detected by our first method. However, all of 
the V H gene segments listed in Table II are >56o/c homologous to one of the two 
cloned V H probes and probably could be detected by the second method. 

Estimates of the ability of the probes to detect different V H gene segments 
depend upon comparison with the known DNA sequences of relatively few 
variable gene segments. Almost all of these sequences come from V H subgroups 
II and III and a large proportion are members of the gene families involved in 
binding the NP and PC haptens. It is not certain how well these sequences 
represent the total germ line V H gene repertoire. To increase the probability of 
detecting V H expression, we constructed eDNA libraries from three T cell 
hybridomas responding to presumably dissimilar antigens. Since each of these 
cells maintained antigen-specific function, if V H genes encode the T cell antigen
binding receptor, each should synthesize an RNA containing a V H gene segment. 
Because the hybrids are the product of two (395A4.4) or more parental T cells 
(59, 60), they might be expected to express two or more VH genes if, as in B cell 
hybrids, V H gene segments are transcribed from several chromosome 12 homo
logues. In addition, it has been suggested that even a single diploid T cell may 
synthesize more than one V H RNA (61 , 62). Thus, if T cells use the entire V H 

gene repertoire, we believe there would have been a V H segment sufficiently 
homologous to have been detected by one of our two screening methods. 
Although it remains formally possible that T cells express selectively a portion 
of the B cell V H gene repertoire containing sequences only distantly related to 
our probes, no such V H genes have been characterized. 

We have presented strong evidence in favor of the proposition that the helper 
and suppressor T cells tested do not contain RNA with V H gene segments. This 
negative conclusion is not, however, completely compelling and two major 
objections concerning the detection limit and the range of our library screening, 
have been discussed. A number of unlikely possibilities, including selection 
against cloning the V wcontaining sequences or a V H mRNA that is present 
mostly in the poly(At fraction , have also not been eliminated. However, using 
different methods, another laboratory has reported that T lymphocytes do not 
transcribe any VH gene segments (63). 

Many of the genes that have dominated our thinking about the immune 
response including !32-microglobulin and the class I and class II products of the 
MHC, show clear homology to immunoglobulin genes (64-68). The T cell and 
B cell antigen-binding receptors presumably have somewhat homologous func
tions. We would be surprised, therefore, if the genes encoding the T cell antigen 
receptor were to have no homology to immunoglobulin genes. Since multigene 
famil ies are known to duplicate and diverge (69), it is possible that gene families 
important for B cell and T cell antigen recognition diverged before or relatively 
early in vertebrate evolution . Attempts to clone T cell receptor genes using V H 

probes might therefore not be feasible , somewhat analogous to attempting to 
clone V, gene segments using V x probes. At this point , we can only speculate on 
the selective forces that may have resulted in separate V gene families expressed 
in B and T cells. 
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Summary 
We attempted to determine whether T cells express any VH gene segments. 

eDNA libraries were constructed from one suppressor and two helper T cell 
hybridomas. Both the library construction and screening were designed to 
maximize detection of a wide range of V H gene segments. One screening method 
should detect about half of the sequenced V H genes, while the second should 
detect most of these genes. The probability of detecting a V H gene homologous 
to the probes and present at I 0 copies per cell was 77% for one helper cell cDN A 
library, 88% for the second helper cell library, and >99% for the suppressor cell 
library. No eDNA clones with V H gene segments were detected. From this result, 
we conclude that V H gene segments are not likely to encode the antigen-specific 
receptor in the cells we tested. 

We thank Drs. Stephen Crews and Roger Perlmutter for helpful discussions, Dr. Suzanna 
J. Horvath for synthesis of the oligonucleotides. Tim Hunkapiller for development of the 
data base and computer programs, and Bernita Larsh for help in preparing the manuscript. 
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W~ ha~ analys~d 19 complem~ntary DNA clones ~ncoding the a-chain of th~ T -cell antigen rec~ptor derived from thymic 
transcripts, and find tluzt 15 of them contain ponial or complete variable (V .) genes. Seven of these genes cross-hybridize 
to over 40 germline V. gene segments in Southern blot analyses. Of the 19 joining (J.) sequences examined, 18 seem to 
be encoded by distinct gene segments, hen~ th~ npenoire of J .. gene segments is much larger than those of the immunoglobulin 
or T -cell receptor {3-chain gene famili~s. We suggest that the variable domains of immunoglobulins and T-cell antigen 
receptors are similar in structure. 

THE antigen-specific receptors on T cells, like the immuno
Jiobulin molecules used as antiaen-specific receptors on 8 cells, 
can recognize and bind an almost unlimited ranae of antigenic 
determinants. T -cell antigen recoanition di1fers from immuno
Jiobulin antigen recognition in that it occurs only in the 
context of another cell-surface protein encoded by the major 
histocompatibility complex (MHC), a property termed MHC 
restriction (for review, sec ref. 1). This unique property raises 
the question of whether the structures ofT -cell antiaen receptors 
fundamentally differ from those of immunoJiobulins. 

The T -cell receptor is a disulphide-brid&ed heterodimer com
posed of a- and ,9-chains, each divided into variable (V) and 
constant (C) regions2 ..... Studies of the structure and organization 
of ,9-chain gene elements have revealed that the V region of the 
,9-chain, like that of the immunoglobulin heavy (H) chain, is 
encoded by three separate germline aene seaments, V,. diversity 
(D11 ) and joining (J11 ), that rearrange durin& T-cell differenti
ation to form a functional V11 aene'·6 • There are two closely 
linked C11 genes, C11 1 and C11 2, each associated with a cluster 
of six functional J11 gene segments'·'·'. Each J11 cluster hu one 
DtJ acne segment located -500-700 nucleotides upstream9·10

• 

T and 8 cells use several mechanisms to generate diversity in 
the antigen-binding V region: ( 1) aermline diversity. Both T and 
B cells use many different aermline V, D and J acne sqments 
to form a V acne. (2) Combinatorial joinina. Each D acne 
segment seems capable of joinina to any downstream J acne 
seament, and any V may join to any D-J combination 11·u. (3) 
Somatic mutation. The V11 aenes share two somatic mutational 
mechanisms with their immunoJiobulin counterparts. First, 
there is ftexibility in the sites at which the aene seaments are 
joined and this generates diversity in the junctional reaions9·10

• 

Second, random nucleotides may be added to either side of the 
D aene segments durin& its joinina to the V and J acne se~
ments9·10, a mechanism denoted N-reaion diversification' . 
lmmunoJiobulin V-reaion aenes may underao somatic hyper
mutation at a late staae of 8-cell development, a phenomenon 
that has not been seen in most V11 aenes'· 11

•
12.1

•. 

The V11 acne segments differ strikinJiy from their immuno
Jiobulin " and H-chain homoloaues in subfamily oraanization. 
A subfamily is defined u those V acne segments that are 7S% 
or more similar to one another at the nucleic acid level and 
hence cross-hybridize in Southern blots under stringent hybridiz
ation conditions 11

• The immunoglobulin V subfamilies are com
posed of 4-50 or more members15

"
17

• In contrast, the known 
mouse V11 aene segments represent eight subfamilies, six with 
only one member, one with two members, and one with three 
members11·u . 

Recently, ,.,ouse eDNA .:Iones of a-chain transcripts have 
been described11•19. The a-chains seem to consist of V, J and C 
regions. Here we present the sequences of 19 additional a-eDNA 
clones. Analyses of these 21 a-eDNA sequences reveal that: (1) 
the Y .. gene segments are derived from at least 10 subfamilies 

each containina 1-10 members; (2) there are many J., gene 
segments; (3) the diversification mechanisms for V., genes are 
similar to those seen for ,9-c:hain and immunoglobulin genes ; 
and (<4) the aeneral structure or the a-polypeptides resembles 
that ofimmunoJiobulin and ~-chains in primary and secondary 
structural characteristics. 

Sequences of a-eDNA clones 
Nineteen eDNA clones were isolated from a thymic library of 
inbred C578L/Ka mice11 using a C. probe20

• The eDNA inserts 
were subcloned into the M13mpl8 bacteriophage vector and 
the sequences determined using the specific-primer-directed 
dideoxynucleotide sequencing technique (Fig. I )21 . Four of the 
19 a-eDNA clones (TA38, TA91, TA45 and TA20) do not have 
a recoanizable v. acne seament (see below); 17 contain J., 
sequences; and 15 contain complete or panial V., sequences 
(Fias I, 2). The a-eDNA sequences in Fig. I are divided into 
leader, V. J and C regions according to their similarities to the 
V and J seaments of immunoJiobulins and P-chains. The v .. 
se,ment is -90 residues lona and has a leader of 19-22 amino 
acids (Fig. 1). TheN-terminal amino acid of the mature V., gene 
product is presumed to be 22 or 23 residues from the first 
conserved half-c;ysteine residue according to the aeneral rules 
that have been deduced for determinina the leader peptide 
cleavaae site2l. The 3' ends of the v .. sequences have been 
provisionally designated u the same length u that of a single 
aermline gene segment, v. 5H, a member of the v.t subfamily, 
analysed by Winoto et aL in the accompanying paperl0. The 5' 
and 3' ends of four J sequences have been determined by 
sequence analysis of four germline J. gene segments (TA84, 
TA19, TA65 and TASO)zo. The boundaries of the remaining J., 
sequences were provisionally usianed by homology (see Fig. 1 
leaend). There are nucleotides present between the v. and J., 
sequences that might arise from various different sources (see 
ref. 20). 

Subfamilies of v. gene segments 
The amino-acid sequences of the 15 v. seaments were aligned 
with one another and with two additional v. segments from 
the literature, TT11 (ref. 18) and pHDS58 (ref. 19) (Fig. 2). The 
v. segments can be divided into 10 different subfamilies, mem· 
ben of each subfamily being 75% or more homologous with 
one another at the DNA level. The v. segments from different 
subfamilies are 20-5<4% similar to one another at the protein 
level (Table I). This range of homologies is similar to that 
observed between the VtJ and immunoalobulin V H subfamilies 11

. 

We have denoted these subfamilies as V.l to V., 10 (Fig. 2). 
Five of these subfamilies ( V.t-5) are represented by two mem
bers and five by only one. 

To estimate the number of germ line V., gene segments in each 
subfamily, Southern blot analyses were performed on liver DNA 
from four different inbred strains of mice using V.,-containilig 
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GC:TOCGACCITTCCTT AGTGACTGTGGTGGA TG TCAG TCTTCC.&GTGTGCTTTG TCCC.&GuGG.a TTGGACA.&C.AGG CTC.&GGC ACT TAT C TC TGTGC T .t. T GUT u T 

CCCACT AC.&CHC& TC..t. ...... aC:ClTCGCAGC TCTTTG.CaCA T T TCCTCCTCCC.&GAC..t.ACAG.&CTCAGGC.aCTT A TC TC T G TGC 'T' T T GCC.a C T .a 

TCQCTIITAGACC&TTGTGCTT.CTC:TTTUTGTCTMATTT~ ...... ATU.UACCTTIH£CTGTGGTGTTG.a;tTT&GAG.&TTTGTCCTT.&GCCTG.GG.aCCTGGGTGTG.aGuuG..t.TG!' 

UATMT&TCQCTTATTCCT&TTCTQ.ui.CTCAC:&.e.lltoiTQGAG4 .... ACTTCTAITCCTT~CTCTGC.&A.IItoC.CTQTQ.CTCGTTCaGTTG.&TGCCACG&~~g~~~~~:G~ 
I I I I I I ! 

... 1 :160 

--------------------J'----------------------c---
&CTTCAAGT"'!:C&Q.a.a..KTGGTTTTTr;GCC.&caGGACC.a T A TT U.&GGTGT &CCT!;CAC.A TCCA".&CCCA 

GTTACT~AGTGGTGGA.IItoUC:TC.t.CTTTGGc;.G(;CTGGUCUGAC.TTCAGCTCUC.CfTGACATC 
T.&Jl ACTAT GUA T GAGA AUT UCTTTTGGGGCTc.G.UCCUACTC&CCA TT AUCCCUC& TC ,..,. 

• htl 
uae 
hi I 

• T&., 
T.t.12 

• r.aeo 
hi 
TAZ7 
TAli 
T&l7 
Ta!7 
Ta20 

"GACT T ACC AGAGQTTTc.t;AACTGGG&.CUA&C.T CCaAGTC:. TTCt:U&CA T CCAG 
AC.&GGAuC T &C&.&A T ACGTCTTTGGAc;.eAGST ACC&G.&CTGUGGTT aT AGCACACA TCCAGA&C 

ACTIN&GGACT UGTGGT A&.& TT UC.A TTCGGGG..t.aGGG.&C.C:CAAGTG&.CGG !' u T .t. T;:: TGat.a. TC 
TCTc;GtaGC TGGCUCTC:.t. T C. TT TGG.a T CTGGUCCC ut TG.\C .&U !' T ..t. TGC:TG.t.CA TCC.&G 

A.&CACQGGTT AC CAG..t.ACTTCT & TTTTGGGA..t.&.GGA.t.C:&.&GTTTG&C TGTC .t. T'I'CCAA.&C 
UCA T;GGCT ACAAACT T .t.CCT T CGGGaC..t.GGAACUGCT TG TTGG T T G& TCCAuC & TCC..t.G 

ACAGUGGf~..t.G.&T..t."CTC::aCCTT"'IiGG&uc;GutTCAGCTG.aTCaTCCAGCC::CT&CATCCAGUC 
"AGGC.aC.TGGG TCT uGCTG TC.A T '!'T GGGUGGGGGCU.t.GC TC .at AG TGAG T CC &GAC 
".aGGGTC.TGCG uGCTCa TC'!'TTGG~GAGGGG..t.CAUGCTGACaGTG&.GC'!'C:A T &CA TC:C..t.GUCCCA 
c;GCAATAC:ACioGC A&.\TTUC:CTTTGGGG.aTGGGAC:CGTGCTC.t.CAG'I'GuGCC&.t.&CaTCC.t.GuC 

U TGCAc;.GTGCC uGCTC .t.C & TTCGGAGGGGGUCUGG TT UCGG TC..t.G&.C.C.CG&.C.a TCC.&GUCCCA 
AC.IItoGGCU T AC:CGGA U..t.CTCA TCT T TGGAC T GGGGACUCT TT .&C.a.&G TGCAACCAGAC...t. TCC.t.GUC: 

C TCAGC.&GCCTCTTCTTTQ.GT" TGQ.Ii.4C:GCAGCTGGTGG TGUGCCC:UCA TCC.&GuCCC a 

GCACTGCTGGCTGGCAQO:CAC:TC TGC.& TC&GC.t.GA TG TG TTGACA TC.C.t.GuCCC:aGuCCTGCTGTGT At .t. 'I'CCAGUCCC a 

~~~:~:g~~~~;~;~~~~g!~~i=:~::;~~~!Ci~¥~~i~~!~!~:~g~:g::~~~: 
I I I I I 

~ . ·~ 

Fie. I Nucleotide ~oequences of 19 a-eDNA clonn derived from the thymus. The leader (L), V, J and C regions are indicated. Clones TA38. 
TA91 and TA45 do not contain v. ~oequences. The dotted linn between the V and J reaions indicate junctional divenity arising from any 
one of several mechanism' (see ref. 20). The 3' ends of the v. gene segments were arbitrarily chosen to be identical with the end of the 
aennline V.5H aene seamenro. The S' enda of the J. aene seaments were detennined by comparison with the corresponding germline J. gene 
segments (indicated by uterisb),. or by arbitrarily uaumina that the J. acne segment beains one codon after the end of the v. gene segment. 
Assianments of the S' enda of the J. acne seaments for the TAll and TA27 eDNA clonn are complicated by the prnence of frameshift 
mutations at the junctional regions. Gap1 are insened to maximize similarity. The arrow at bue 429 indicatn divenity at the end of the J. 
aene segment (see text). In clone TA4S, the recoanition sequences for DNA rearnnaement are boxed. A 500-bp Saw3AI restriction fragment 
containing the c. aene wu used u a 32P-Iabelled, nick-translated probe37 to screen a AplO eDNA library constructed from C578L/ Ka 
thymus mnsenger RNA (ref. 38, modified by Barth n ozL 11

). The eDNA insens from C.·containina clonn were subcloned into the Ml3mpl8 
veaor'. The subclonn were ~oequenccd usina the spe<:ific-primer-directed dideoxynucleotide chain tennination method21

• Synthetic oligonucleo-
tide probes complementary to both strands of the c. acne were used to select insens of both orientations. 

Talllle 1 Similarity of V • ~oequences 

TI'tl TA84 TA39 TAI9 pHDSS8 TA26 TA28 TA65 TA72 TA80 TAl TA27 TA61 TA37 TAS1 

1T11 79 St S6 33 40 31 30 43 42 20 24 38 24 40 
TA84 87 S4 6S 31 3S 32 31 .... 42 22 28 40 22 37 
TA39 61 62 91 33 38 3S 27 .... 43 2S 33 29 24 43 
TA19 66 69 96 38 41 3<4 31 S3 S6 23 .... 35 23 43 
pHDSS8 47 .... 42 46 96 S2 so 38 37 30 27 46 26 23 
TA26 48 42 .... 43 96 60 S6 38 3S 35 3<4 69 25 47 
TA28 41 43 4S 46 sa 63 70 36 33 27 26 55 18 33 
TA6S 42 42 40 .... 60 66 83 30 29 26 27 54 18 33 
TA72 S8 60 sa 67 49 S3 .... .... 90 2S 34 31 16 27 
TA80 S3 S6 S6 68 47 49 42 42 9S 20 33 30 16 30 
TAl 37 36 40 41 43 48 41 40 41 40 22 24 19 17 
TA27 40 42 43 48 40 47 43 42 47 46 37 25 21 40 
TA61 49 S2 46 S1 ss 69 63 62 so 49 37 39 22 41 
TA37 36 3<4 37 39 40 34 28 31 30 32 3S 39 ~9 31 
TA57 47 41 48 49 42 S3 .... 41 47 49 40 41 52 37 

Numben above the diagonal dnianate percen!aJe similarity of protein sequences; those below the diaaonal compare nucleotide sequences. 
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Fie· 3 Southern blot analysis of moUH aermline 
DNA with complete a-eDNA clones from seven 
v. subfamilies. Liver DNA from four inbred 
strains of mice wu iaolated40 a.ad &amHI· 
diaeued. Similar raults were obtained uainc liver 
DNA di1ested with .EmRJ a.ad Hilldlll (not 
ahown). The 9.8-kilobue c.-hybridizina ba.ads 
on each filter have been ali111ed here &ad are 
indicated by a.a arrow. As the DNA mip-ation 
diiWlces varied slilhtly from ael to ael, hybridiz
in& bands at the same location on cliiferent filters 
do not necesaari.ly contain DNA frqmenrs of 
precisely the same size. Eacb DNA dipst (10 11-1) 
wu eleccrophoraed on 0.7"4 horizontal ap.rote 
aels and transfened to nitroc:ellulose41

• Hybridiz
ations were for 24 h at 37 "C in SO% formamide, 
0.8 M NaCl, 0.1 M Tril pH 1.5, S XDallwdt's, 
100 11.1 ml-1 denatured llalmou sperm DNA. 
10% denra.a sulphate and O.S 11.1 uP-labelled 
nick-a-anslated eDNA probe. Filters were waahed 

at 68 "C with I xSSC coll1aininc 0.1% SDS. 

" ' ., 
"'' .... a: 
<I " 
"' <I 

EcoRI fragmenu u probes (Fia. 3). Because some of the a
cDNAI contain only a small seament of v. sequence (Fia. 1), 
only seven of the v. subfamilies were analysed. Assumina that 
each distinct band represenu at leut one separate v. acne 
segment, the V., subfamilies analysed here range in size from 1 
to 10 members, and the minimum number of bands identified 
for all seven subfamilies is 40. This distribution is similar to 
that seen in the immunoglobulin If· and H-chain gene families 
and contrasu with the v, acne family, where six of eight 
subfamilies analysed contained just one member, and the total 
V8 repertoire is believed to be <21 memben11

•
12

• 

Three identical v. sequences have been observed to be associ
ated with three distinct J. seamenu, a surprisina result for which 
we can offer no explanation apart from the possibility that 
rearrangement and expression of this v. sequence may be 
preferred in the thymus. lbe remainiJla 12 v. sequences are all 
distinct from one another (Fig. 2). 

Restriction length polymorphism is observed between inbred 
C57BL/6J mice and the three other strains of mice analysed 
(Fig. 3). Differences are seen with all seven v. probes. In 
addition, some subfamilies in different mouse strains appear to 
differ in their v. gene segment numbers; for example, com
pare the C57BL/6J strain with the others (Fi&. 3). lbe 
immunoglobulin H- and K-Chain acne families also exhibit 
extensive restriction length polymorphism, whereu the V• aene 
family shows very limited polymorphism. Variation in band 
number within panicular subfamilies probably represenu the 
duplication and/or deletion of v. aene seamenu in the various 
inbred strains of mice. These data are consistent with the 
hypothesis that multi-membered V subfamilies may undergo 
gene expansion and conuaction by homologous but unequal 
crossing-over (see ref. 11). 

Numerous J. sqments 
Of the 17 J,. sequences described in this paper and two from 
the literature11

•
19

, 18 different J,. sequences have been identified 
(Fig. 4). As we found only one repeat, the repertOire of J. gene 

··--•• 
- .,. . .... 

segments is probably much larger than 18. We believe that each 
of these different sequences represents a distinct germline J,. 
gene segment as they differ considerably from one another in 
sequence. The J. segmenu exhibit a range of similarity at the 
protein level (32-72%) comparable with that for JtJ segments 
(33-75%) and somewhat lower than that seen for J. (55-85% ), 
JH (57-80%) and J, (70-85%) segmenu. The J, gene segment 
repertoire is larger than those of the ,9-chain (12) or 
immunoglobulin (4-5) genes. lbe large repenoire and diversity 
of the J. aene segments may have imponant implications for 
antisen/MHC recognition. as the J segments in immuno
aJobulins usually fold to form a contact point of the antigen· 
bindina site. 

Nonproductive thymic v. transcripts 
Nonproductive a-cDNAs may arise by joining events which 
place the J gene segment in an improper translational reading 
frame with respect to the V gene segment, by rearrangement of 
a pseudogene segment or by initiation of transcription 5' to a 
germline J gene segment or 5' to an incomplete D-J rearrange
ment. Of the 15 a-cDNAs that have V,. gene segments, 5 seem 
to be derived from nonproductive transcripts. Three of these 
may have resulted from the rearrangement of a pseudogene. 
One clone, TA37, has a frameshift within the V., gene segment 
caused by a single nucleotide deletion at position 317 (Fig. 1). 
The T A80 clone seems to have a base substitution that has 
changed the cysteine residue at position 22 to alanine (Fig. 2). 
This cysteine residue is invariant in Immunoglobulins and ,9-
chains and is believed to be imponant for stabilizing the V 
domain structure. In addition, the v. and J,. gene segments 
have joined so that the J,. gene segment is out of the proper 
translational reading frame. Thus the TA37 and TA80 clones 
probably represent transcripts derived from the rearrangement 
of pseudogenes. A third clone, T A26, has a V,. gene segment 
vinually identical to the previously published pH DS58 V,. gene 19 

apart from a large deletion in the centre of the V,. region 
encompassing 43 residues and creating a translational frame-
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shift. Two base changes within the coding region do not lead 
to changes in amino-acid sequence from the pHDS58 v. seg· 
ment and might represent polymorphism between the inbred 
BALB/c and CS7BL/Ka mice. The TA26 v. gene segment may 
be a pseudogene that has been rearranged and transcribed (see 
ref. 23), or alternatively the deletion could represent a cloning 
anefact. Finally, the T A27 and T A31 clones also contain a v.-J. 
junction which shifts the J. sequence out of the cornet transla
tional reading frame. Nonproductive rearrangements of this type 
have been reponed previously for both immunoglobulin2

" and 
T-cell receptor ~-chain genes (M. Malissen, unpublished data) 
and are often transcribed25

. The remaining 10 ¥.-containing 
clones seem to represent productive or functional v. -J. re
arrangements, although we cannot exclude the possibility that 
one or more of the panial v. sequences have mutations in their 
unsequenced regions that would cause them to be pseudogenes. 

a-eDNA clones lacking v. 
Of the 19 c:D NA clones analysed, 4 did not contain v. sequences. 
One clone, TA20, extends only into the S' half of a J. gene 
segment. A second, T A4S, seems to be either a germline J. 
transcript or a transcript from an incomplete D-J rearrange
ment. Both of these transcription events are known to occur in 
~-chain genes9

•
26

• The TA45 clone contains a J. sequence and 
a S' recognition sequence for DNA rearrangement, consisting 
of a conserved heptamer, a spacer sequence of 12 nuc:leotides 
and an A/T-ric:h nonamer. The gennline v. gene segment has 
the rearrangement recognition sequence with a 23-base-pair (bp) 
space~0 • In immunoglobulin and ~-chain genes, gene-segment 
rearrangements always oc:c:ur between recognition sequences 
with 12· (one tum of the DNA helix) and 23-bp (two turns) 
spacers'·6

•2'·21 • Hence, this one-tum recognition sequence can 
join to the two-tum recognition sequences of the v. genes20

• 

As the germline sequence of this J. gene segment has not been 
determined, we do not know whether the recognition sequence 
lies to the 5' side of a D. or a J. gene segment. Finally, two of 
the eDNA clones encode complete C., but no J. or v. regions. 
The sequences to the S' side of the c. genes are not similar to 
each other or to the intron sequences ftanking the germline c. 
gene (A. Winoto, unpublished data). Presumably, these eDNA 
clones represent aberrant RNA splicing events. 

v. gene diversification mechanisms 
The a-chain genes apply three mechanisms used by the 
immunoglobulin and ~-chain genes for diversification. 
GermliH. Southern blot analyses with v. probes and the v. 
sequence analyses suggest that at least 10 Clifferent v. sub
families exist which encode >40 v. gene segments. Only one 
v. sequence is repeated in the sample of cDNAs analysed. A 
comparable analysis of 22 V1 sequences revealed 11 repeat v, 
sequences and only 13 distinct v, aene segments11

• Statistical 
analyses of thymus ~-chain c:DNA clones indicate that there 
are .021 germline v, gene segments 11 and perhaps only two D, 
gene segments11

·'". Hence the diversity of the v. gene segment 
repenoire seems to be considerably larger than that of the v, 
gene segments. The gennline J. repenoire seems to be quite 
large in that 18 out of 19 sequences sampled are different. This 
J. diversity greatly increases the germline diversity at the car
boxy-terminal end of the V. region. Although provisional align
ments of the different a-c:DNA clones with the available germ
line v. and J. sequences reveal additional nucleotides at the 
V-J junctions (Fig. 1). additional germline a-sequences will 
have to be determined before the existence of D. gene segments 
can be established (see ref. 20). 
Combiaatorial jolal ... Two examples of combinatorial joining 
in the a-family have been observed in the sample of a -eDNA 
sequences e~l\mined. First, the same v. sequence in clones 
TA84, 46 and 31 has been joined to three distinct J. gene 
segments (Fig. 1). Similarly, the same J. sequence has been 
joined to two distinct v. gene segments (T A28 and A. Winoto, 
unpublished data). Therefore, the combinatorial joining of v. 
and J. gene segments can occur in the a-family. 

TTU 
TA84 
TA46 
TA31 
TA39 
TA19 
pHDSSS 
TA26 
TA28 
TASS 
TA72 
TA80 
TA1 
TA27 
TA61 
TA37 
TA57 
TA20 

I tO '2.C 
I I • •• • I 
YGGSGNKLIFGTGTL~SVKPN 
rs . . a . . v .a. 1 ~ v~w 

VT .. . G .. TL . A. ~.u . NLC 
.N E . IT .. A . . K . TI . 

. TYa~ ..... K . a . V . 
T . N Y. YV .. A .. ~ . K.IAH 

. FASA . T .. S . KVI . L . Y 
T . . LSG . . T .. E . avT . ISD 

S .. wa .... S . . a.T . M D 
NT . Y aNFY .. K. S . T . I . 

NM . Y .. T .... . S . L . D . . 
TEGADR . T .. K .. a . IIa . Y 
.. T . S .. S . K . AK . T . S . O 
. . . A . E .. K . T SS Y 
. NT . . . T . . 0 .. V . T 

NA . A .. T . G .. R T R . D 
T . NT . L . T a.O . D 

LSS . F . D . . a v . 

fla.4 Protein sequences of J. se1ments. The N- and C-lenninal 
boundaries of these sequences have been approximated using the 
aennline sequences of six J. aene segments20

• Asterisks indicate 
amino acids consel"'ed in the J., J•, JH and JL regions. Dots 
indicate identity to the Till sequence. Gaps are inserted to maxi
mize similarity. The boundaries of the remaining J. regions were 
provisioaally assigned to the second residue following the putative 
C-terminal end encoded by the V segment. Diversity in the C-

terminal midue is aenerated by RNA splicina (see lext). 

1 2 ,..., ~ 

>o 

~ • 
~ 20 
> 

Amino-acid poaitlon 

fla. 5 Variability plot of V • reaions. Variability was determined 
accordina to the method of Wu and Kabat31

• Nine v. segments 
were analysed. The variability at each amino-acid position N is 
calculated as: Variability,., • (No. of different amino acids that 
occur at N)/(Frequeacy of most common amino acid at N ). For 
comparison, the lint and second hypel"'ariable regions of V H 

segments are indicated. 

So .. ttc matatloL The delineation of junctional and N-region 
diversification mechanisms requires a comparison between 
aermline and rearranged v. sequences. These mechanisms are 
used in the v. gene family, as demonstrated in the accompany
ing pape~0• The fact that three v .. gene segments are identical 
to one another suggests that somatic hypermutation has not 
occurred in these a-chain genes. However, somatic hypermuta
tion oc:c:urs late in 8-c:ell development. Here we are analysing 
antigen-receptor genes at an early stage of T-lymphocyte 
development, possibly before somatic hypermutation. Data on 
the receptors of mature T cells will be necessary to determine 
whether somatic: mutation does oc:c:ur in v. genes. 

Diversification of a special type oc:c:urs at the J.- C. boundary. 
The last nucleotide in the J. gene segments may be any of the 
four bases (Figs I, 4). In the immunoglobulin and ,B-chai " ~ene 
families the final nucleotide of the J gene segmenr is itl\'ariant. 
As RNA splicing joins the last nucleotide of the J gene segment 
to the first two nuc:leotides of the C gene, four different junc
tional codons are generated at the J.-C. junction: asparagine 
(AAC), histidine (CAC), aspanic acid (GAC), and tyrosine 
(TAC).It will be interesting to C:etermine whether this boundary 
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fll. 6 Secondary struaural analyses of V • (solid lines), VH (dot
ted lines) and V 1 (duhed lines) repons. a, Plot indicatina the 
tJ-pleated sheet-fonnina potential ofV tt> V Hand V. scaments usina 
the al&orithm of Chou and Fasman"".l5. b, Plot of the relative 
hydrophobicity of the side chains of the amino acids constitutin& 
the V., V 1 and V H re1ions, usina the alaorithm of Kyte and 
Doolinlel1. The V, sequences and V H sequence compilations are 

from Banh n liL" . 

diversity has any functional significance for the T-cell antigen
binding receptor. 

Structure of the V .. region 
We have analysed the primary and secondary structures of the 
V « regions to determine whether they resemble the V regions 
of ,9-chains and immunoglobulins. 

Both the V « and V 1 regions share many conserved residues 
with both the VH and variable light-chain (VL) regions of 
immunoglobulins, including 14 residues in the V and 4 residues 
in the J regions (marked by asterisks in Figs 2, 4). An analysis 
of the three-dimensional structures of the V domains in several 
immunoglobulin molecules demonstrates that there are many 
highly conserved residues imponant for stabilization of V L-V H 
interactions and for intrachain VL or VH interactions29

•
30

• Most 
of these residues are conserved in the V « and V, regions. 

Another approach to elucidate primary structural patterns in 
the T-cell receptor and immunoglobulin V regions is the variabil
ity plot of Wu and Kabat11

; this analysis examines the distribu
tion of variation of each residue position between members of 
a set of similar sequences. In immunoglobulin and ,9-chain V 
regions, two regions of relative hypervariability are noted, with 

R<Qo...S 10 May; _..t 2 Jllly 191,. 

I. Golub, E. S. C,. ll. 603-4110 I 1910). 
2. Alli1011. J. P .. Mclncy,., B. W. I llodl. D. l 1- !:It, 2293-2300 ( 19121. 
1. Hutina. K. 11 ol. J. a,- Mod. lf7, 11<09-1169 (19131. 
• · Meuer. S. C. 11 ol. J. - · MM. lf7. 705-719 (19111. 
I . Chien. Y. G-.,.., N. R. J., Kavaler, J, lAo, N. E. I Doria, M. M. - -· lll- 326 

1198<). 
6 Siu. G. tt •L Ctll 17. 193-401 (191<). 
' Mali'"'" · M. tt ol. Ctll 17, 1101 - 1110 11914). 
8. Gasc.ooane. N. R. J .• Ch1011, Y. lccbr, 0 . M, Ka-. J. & Doris. M. M. - JJI, 

117-191 119 ... 1. 
9. Siu, G. 11 oJ ,.,.,.,.)II, 3<4-150 (1914) . 

10. Kavalor, J., Davit. M. M. I Chim, Y. Nor.,. lie. •21-423 ( 1914). 
11. Banh. R.. k.. "Ill N•nu' ll .. 517-523 (191ji) , 
12. Panm, P. 11 Gl. 1'1iouut lll. .0-"6 ( 19 ... ). 
13. 41t. F . ~· i. lahtmor~. D Proc. ,..,,._ .4ca.t sa. U.S.A."· •nl- tlll 09121. 
'"· C<J,cnn•n . J. "t!L C:tll ... l$9-167 (19151. 
IS. c ...... S .. Grilf." . t ' fu••l· H . C'•l•me, K. & Hood. L. Ctll 25, 59-46 (19111. 
16 . .._.,. P. H. I. !l i~l<t . It fw. J. /,.,...,.. 1._ 922-930 1191'1. 
17. Cory, S . fylor, a. M. I 44ams, I. M. 1 - .,< Goswl. J, IOJ - 116 119111. 
11. Chi~tn , Y. t1 aL Na·,,t 311.31-35 ( t9a..l. 
19. Sano. H. " al. Norvrt lll. :"6-40 IICitt.l) . 
20. Wi,...o, A., M~ S. & Hood. L. - JK.IlZ-136 11915). 

a third hypcrvariabilityll region ~ositioncd at the junction of 
the V. D and J gene segments"-' . A -variability plot of the v. 
sequences docs not differ dramatically from the VH and v 
variability plots (Fig. 5 and refs II, 12). With the limited numbe~ 
of V .. sequences analysed, one must be cautious in drawing 
generalizations for the overall variability in this set is high . 
However, the regions corresponding to the two classically 
defined hypcrvariable regions (residues 30-35 and 51-60) seem 
to have increased variability. We note two additional areas of 
hypervariability (residues 8-9 and 66-71) but feel their existence 
is uncenain until more V .,-sequences are available for analysis. 
The junction of the V., and J., segments generates an additional 
hypervariable region (not shown). 

Two funher analyses have been conducted on the V. se
quences to assess the nature of their secondary structure. The 
Kyte-Doolittlc hydrophobicity profile33 plots the distribution 
of the relative hydrophobicities of the amino-acid side chains 
of a panicular protein. The Chou-Fasman mcthod34

•
3s deter

mines the relative potential for ,9- pleated sheet formation. Both 
these analyses measure propenies that arc thought to reflect 
imponant secondary structural features of the protein. The 
Kyte-Doolittle hydrophobicity and the Chou-Fasman plots of 
the V., V 1, VH and V. (not shown) sequences are very similar 
(Fig. 6). The plots represent averages of multiple sequences to 
minimize unusual individual variations. These data indicate that 
the secondary structures of the V •• V 1, V H and V. regions are 
similar to each other. 

Thus, several lines of evidence suggest that general primary 
and secondary structural features are conserved in the V ., V 8 , 

VH and V. regions: (I) they share highly conserved amino-acid 
residues, most of which are imponant for stabilization of the 
highly conserved immunoglobulin fold: (2) the variability plots 
demonstrate variability consistent with three hypervariable 
regions; and (3) the hydrophobicity and Chou-Fasman plots 
suggest similar potential for ,9-pleatcd sheet formation. These 
data suggest that the T-cell antigen receptor and 
immunoglobulin molecules have similar structure. Moreover, as 
immunoglobulins may also be MHC-restricted3

", it is 
unnecessary to postulate any special sites, apan from the 
classical antigen-binding site, for binding propcnics ofT-cell 
MHC-restricted antigen receptors. 
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